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ABSTRACT

REGULATION OF GENE EXPRESSION BY THE CIRCADIAN CLOCK COMPONENTS
PRR7 AND PRR9 IN ARABIDOPSIS THALIANA

By
Tiffany L. Liu
Almost every living organism exposed to the day/night cycle on earth has evolved time-keeping
mechanisms that exhibit approximately 24-hour periods. Circadian clocks are present in life
forms ranging from bacteria to humans, and enable organisms to keep track of time in a robust
manner, as exemplified by the persistence of circadian rhythms under constant conditions. The
ability to anticipate changes and respond accordingly is believed to confer an adaptive
advantage. In Arabidopsis thaliana, the circadian clock is involved in nearly all aspects of
growth and development and the PSEUDO-RESPONSE REGULATOR (PRR) family of
circadian clock components are master regulators of diverse biological processes. Mutations in
the PRRs result in delayed flowering times, elongated hypocotyl lengths, and an increased
tolerance to drought and cold as observed in the prr9prr7prr5 triple mutant. Up to 90% of
expressed genes oscillate under diel conditions and approximately 30% of expressed genes are
circadian regulated. However, not much is known regarding the exact processes that are
regulated by specific clock components. To determine the outputs of the clock that are directly
regulated by the PRRs, | identified the genome-wide targets of PRR9 and PRR7. | showed that
PRR9 and PRR7 are directly involved in the repression of master regulators of plant growth,
light signaling, and stress responses. A majority of PRR9 and PRR7 targets exhibited peak gene
expression around dawn and were repressed by PRR9 and PRR7. These findings indicate that
PRR9 and PRR7 are important for regulating cyclic gene expression by repressing the

transcription of morning-expressed genes. | found an enrichment of PRR7 target genes involved



in abiotic stress responses and accordingly, we observed that PRR7 is involved in the oxidative
stress response and the regulation of stomata conductance. PRR9 and PRR7 binding sites are
located near transcriptional start sites showing low nucleosome occupancy and high DNase |
hypersensitivity, indicating that PRR9 and PRR7 bind to regulatory regions of DNA.
Furthermore, binding motif analyses revealed that PRR9 and PRR7 binding sites are located in
noncoding regions conserved among at least nine Brassicaceae species and are enriched in G-box
motifs, indicating that these sequences are functionally relevant. A comparison of binding site
similarity among PRR9, PRR7, PRR5, and TOC1 provided insight on the overlapping and

distinct roles of the PRRs.
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CHAPTER 1

LITERATURE REVIEW

Molecular mechanisms of circadian clocks

Part of the work presented in this chapter has been published:

The PRR family of transcriptional regulators reflects the complexity and evolution of plant

circadian clocks

Eva M. Farré, Tiffany Liu (2013)

Current Opinion in Plant Biology 10.1016/j.pbi.2013.06.015



INTRODUCTION

Circadian clocks serve as time-keeping mechanisms, exhibiting approximately 24-hour periods,
whereby external cues such as light and temperature entrain clocks to synchronize with the
environment. The 24-hour periods are maintained under a broad range of physiologically
relevant temperatures, known as temperature compensation. In addition, circadian clocks are
defined as having persistent oscillations under constant conditions, thereby highlighting the
endogenous nature of clocks. A classical view of how eukaryotic circadian clocks work includes
transcription/translation feedback loops (TTFLs). In general, a positive regulator activates the
transcription of a core clock component, which would in turn negatively regulate the expression
of that positive regulator. However, recent discoveries indicate that circadian clocks are
composed of complex signaling networks with multiple levels of regulation in order to fine-tune

and maintain the robustness of the oscillator.

Studies in various organisms have shown that the clock confers a competitive advantage due to
its synchronicity with the environment. Woelfle et al. (2004) showed that in cyanobacteria, clock
mutants were able to compete with wild-type (WT) when grown under environmental conditions
matching their altered periods, whereas the WT strain outcompeted the mutants under cycling 12
h light/12 h dark conditions (LD). Similarly in Arabidopsis, experiments with short or long
period mutants compared to WT showed that each mutant excelled under the condition in which
their endogenous period matched the environmental period (Dodd et al., 2005). Furthermore,
competition experiments in Arabidopsis showed that a segregating population of clock mutants
grown under short versus long periods resulted in a positive selection of plants with

corresponding periods (Yerushalmi et al., 2011). Thus, the ability to anticipate environmental



changes and respond accordingly enhances the fitness of the organism (Yerushalmi and Green,

2009).

Circadian clocks in diverse organisms

Core clock components among bacteria, fungi, animals, and plants appear to be non-
homologous, suggesting that circadian clocks in different organisms evolved independently.
However, the presence of a transcription-less circadian oscillator driving peroxiredoxin
oxidation-reduction rhythms found in all three domains of life suggests that some clocks share a
common origin (O'Neill et al., 2011; Edgar et al., 2012). It has been hypothesized that the lack of
conservation among core clock components may have resulted from natural selection acting on
the clock controlled output pathways rather than the clock itself (McClung, 2013). For example,
since clock components regulate many outputs directly, one can speculate that organisms with
different morphologies, physiologies, and/or living in varying habitats may acquire non-

homologous clock components to regulate distinct biological processes.

Cyanobacteria

More than 30% of expressed genes in the photosynthetic prokaryote Synechococcus elongatus
oscillates under constant conditions, including those involved in various circadian regulated
processes such as metabolism, photosynthesis, and cell division (Kondo and Ishiura, 2000; Ito et
al., 2009). KaiA promotes KaiC phosphorylation during the day, which fosters KaiC binding to
KaiB in the evening (Figure 1.1) (Golden and Canales, 2003). KaiB/KaiC then prevents KaiA
from activating KaiC phosphorylation and by mid-morning, the complex dissociates, allowing

the cycle to start anew (Figure 1.1) (Golden and Canales, 2003).



KaiA KaiB

» i Migap

| morning/midday | | afternoon/night | | late night/dawn |

Figure 1.1. The cyanobacteria clock. Association of Kai proteins during a circadian cycle. “P”

represents phosphorylation.

The cyanobacterial clock can maintain rhythmicity in the dark during which essentially no
transcription occurs in this organism (Pattanayak et al., 2014). Indeed, an elegant study
conducted by Nakajima et al. (2005) revealed that the reconstituted clock components KaiA,
KaiB, and KaiC along with ATP were able to maintain oscillating KaiC phosphorylation in vitro
. A mechanism by which clock outputs are regulated includes a two-component regulatory
system whereby KaiC promotes SasA (Synechococcus adaptive sensor) autophosphorylation,
resulting in the transfer of its phosphoryl group to RpaA (Regulator of phycobilisome associated)
to activate gene expression (Mackey et al., 2011). At the same time, KaiC is implicated in
negatively regulating outputs through LabA (Low-amplitude and bright), which has been shown

to indirectly repress RpaA, kaiBC, and overall gene expression (Mackey et al., 2011).

Fungi

Approximately 25% of expressed genes oscillate under constant conditions in the model fungi
Neurospora crassa, involving various clock controlled biological processes such as conidiation,

cell cycle, and stress responses (Lakin-Thomas et al., 2011). In the Neurospora



transcription/translation feedback loop, FREQUENCY (FRQ) inhibits the White Collar Complex
(WCC) composed of the PAS domain containing proteins WHITE COLLAR-1 (WC-1) and WC-
2, whereas the WCC activates frq in return (Figure 1.2). Specifically, FRQ becomes more
phosphorylated over the course of a day, which promotes the phosphorylation and inactivation of
the WCC (Figure 1.2) (Baker et al., 2012). By late night, FRQ is targeted for ubiquitination and
degradation, leading to WCC dephosphorylation by PROTEIN PHOSPHATASE 2A (PP2A) and
WCC binding to the frq promoter to induce frq expression (Figure 1.2) (Brunner and Schafmeier,

2006).

N\ AN
P— FRQ P—"FRQ P— FRQ P—FRQ» >

i i P
- = P\b
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P P

»
[ 4
frq frq frq
| morning/midday | | afternoon/night | | late night/dawn |

Figure 1.2. The Neurospora crassa clock. FRQ, FREQUENCY; WCC, White Collar Complex;
PPase, phosphatase. “P” represents phosphorylation and small dots represent protein

degradation.



Oscillating WCC regulates outputs by binding to LRE (Light-Response Elements) or WCC
binding sites present in regulatory regions of various transcription factors that function to

activate or repress clock-controlled genes (Lakin-Thomas et al., 2011).

Animals

Up to 10% of expressed genes cycle under constant conditions in the fruit fly Drosophila
melanogaster, and examples of clock regulated behaviors include locomotion, courtship, and egg
laying (Peschel and Helfrich-Forster, 2011; Tataroglu and Emery, 2014). One of the core
transcription/translation feedback loops in Drosophila involves the bHLH and PAS domain-
containing proteins Clock (CIk) and Cycle (Cyc) (Hardin, 2005). During the mid-day, Clk and
Cyc form heterodimers to activate Period (Per) and Timeless (Tim) (Hardin, 2005). Per and Tim
accumulate during the night and heterodimerizes as the kinase Doubletime (Dbt) progressively
phosphorylates Per (Williams and Sehgal, 2001). Per, Tim, and Dbt form a complex that enters
the nucleus and binds to Clk/Cyc to inhibit CIk/Cyc activity (Hardin, 2005). Thus, Per and Tim
indirectly inhibit their own transcription. As Dbt itself becomes phosphorylated, Per/Tim/Dbt
gets degraded and the cycle can begin once again (Hardin, 2005). Per, Tim, Dbt, CIk, and Cyc
are all expressed in the photoreceptor cells of the compound eyes, as well as various parts of the
fly brain (Helfrich-Forster, 2003). The fly brain houses circadian pacemaker neurons, in which
the neuropeptide pigment dispersing factor (PDF) plays a major role in signaling to synchronize
clusters of clock neurons and regulate downstream targets (Frenkel and Ceriani, 2011; Helfrich-

Forster et al., 2011).

In mammals, depending on the tissues examined and the algorithms used for the data analysis,

approximately 2-10% of expressed genes cycle under constant conditions, and clock-regulated



physiologies include thermoregulation, cardiovascular activity, and the sleep-wake cycle (Ko and
Takahashi, 2006; Dibner et al., 2010). BHLH and PAS domain containing proteins BMAL1
(BMAL) and CLOCK (CLK) interact during the day to activate PERIOD (PER) and
CRYPTOCHROME (CRY) transcription (Figure 1.3) (Takahashi et al., 2008). The
phosphorylation of PER by CASEIN KINASE 1 (CK1) promotes PER interaction with CRY,
resulting in their translocation into the nucleus (Robinson and Reddy, 2014). Here, PER/CRY
inhibit BMAL/CLK resulting in the inhibition of PER/CRY expression (Figure 1.3) (Crane and
Young, 2014). The hyperphosphorylation of PER/CRY leads to ubiquitination and degradation
in the night, releasing BMAL/CLK to begin activation once again, thereby completing the loop

(Figure 1.3) (Takahashi et al., 2008).

P
B B\
P—PER P—PER P PERGRVYD - >

Per

Cry e W P(é lg@ Cry
Per Cry
| morning/midday | | afternoon/night | | late night/dawn |

Figure 1.3. The animal clock. PER, PERIOD; CRY, CRYPTOCHROME; BMAL1, BRAIN
AND MUSCLE ARNT-LIKE 1; CLK, CLOCK. “P” represents phosphorylation; small dots

represent protein degradation; wavy lines represent gene expression.



Another BMAL/CLK target for activation is Rev-erba, in which REV-ERBA functions to repress
Bmall expression, thus forming another feedback loop in the mammalian clock (Takahashi et al.,
2008). The central pacemaker is located in the suprachiasmatic nucleus (SCN) above the optic
chiasma in the brain and receives light input from the retinas. Not only does the SCN regulate
rhythmic hormonal and autonomic output, but the SCN also utilizes humoral or metabolic signals
and glucocorticoid signaling to synchronize peripheral oscillators with the environment (Buijs et
al., 2013). Additionally, the feed-fast cycle serves as a dominant entrainment signal and can
directly entrain peripheral oscillators such as that of the liver (Dibner et al., 2010). Hepatic
clock-regulated processes include fatty acid metabolism, glucose homeostasis, and cholesterol
and bile acid synthesis (Dibner et al., 2010). Correspondingly, perturbations to the circadian

clock have been linked to obesity, diabetes, and hypertension (Buijs et al., 2013).

Plants

One of the first observations made in circadian biology was the recurring opening and closing of
plant leaves on a daily basis. Androsthenes is cited as the first documented observer of leaf
movement back in 325 BC, Greece (Cumming and Wagner, 1968). In 1729, the French
astronomer de Mairan observed that leaves continued to move even in darkness (Bunning, 1960).
Similarly, in the mid-1700’s Duhamel and Zinn independently confirmed that leaf movements
were sustained under constant darkness in mimosa plants (Bunning, 1960). In regards to
entrainment, the Swiss botanist de Candolle in 1832 reversed the normal light/dark exposure to
dark/light and observed that leaf movements were altered accordingly (Bunning, 1960). In
addition, the Swedish botanist Linnaeus wrote an essay on plants that “sleep” in 1755, and

English naturalists Charles and Francis Darwin published “The Power of Movement in Plants”



depicting various plant movements including sleep movements of leaves in 1898 (Cumming and
Wagner, 1968). Thus, the first key observations on circadian rhythms were made in plants and

these findings contributed to the discovery of the circadian clock.

The plant circadian clock has been extensively studied and is best characterized in Arabidopsis
thaliana. One of the first core clock components identified in Arabidopsis is TIMING OF CAB
EXPRESSION 1 (TOC1) (Millar et al., 1995), a member of the PSEUDO RESPONSE
REGULATOR (PRR) family of circadian clock components. The PRRs share a conserved
Pseudo-Receiver (PR) domain similar to the Response Regulator (RR) domain of two-
component response regulators, but Arabidopsis PRs contain a glutamate in place of the
conserved phospho-accepting aspartate resulting in the loss of phospho-relay activity (Makino et
al., 2000). Expression and protein accumulation of PRRs peak sequentially, starting with PRR9
during the day, PRR7 around dusk, PRR5 and PRR3 in the early night, and TOCL1 thereafter
(Figure 1.4) (Fujiwara et al., 2008). The PRRs share a conserved CCT (CONSTANS,
CONSTANS-LIKE, and TOC1) motif, which is necessary for TOC1 and PRR5 binding to DNA
(Gendron et al., 2012; Nakamichi et al., 2012). PRRs 9, 7, and 5 each contain an EAR (Ethylene-
responsive element binding factor-associated Amphiphilic Repression) motif in the intervening
region between the PR and CCT domains, which interacts with the Groucho/Tupl corepressors
TOPLESS/TOPLESS-RELATED (TPL/TPR) to confer transcriptional repression activity (Wang

etal., 2013).
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Figure 1.4. The Arabidopsis clock. Figure adapted from (Farre and Liu, 2013). Right panel:
PRRs repress the expression of many morning-expressed genes influencing physiological
processes. PRRs, PSEUDO RESPONSE REGULATORs; TOC1, TIMING OF CAB
EXPRESSION 1; CCA1, CIRCADIAN CLOCK ASSOCIATED 1; LHY, LATE ELONGATED
HYPOCOTYL; ELF4, EARLY FLOWERING 4; ELF3, EARLY FLOWERING 3; LUX, LUX
ARRHYTHMO; CHE, CCA1 HIKING EXPEDITION; ZTL, ZEITLUPE; RVES, REVEILLE 8§;

LWD1, LIGHT-REGULATED WDL.

TOC1 was thought to positively regulate the expression of two MY B transcription factors, CCA1
and LHY, due to the low levels of their transcripts observed in the toc1-2 mutant (Alabadi et al.,

2001). This positive regulation was proposed to act through TOC1 sequestration of CCAl
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HIKING EXPEDITION (CHE), a TCP (TEOSINTE BRANCHED, CYCLOIDEA, and
PROLIFERATING CELL FACTOR) transcription factor that represses CCAl (Figure 1.4)
(Pruneda-Paz et al., 2009). However, a TOC1 overexpressing line also showed dampened levels
of CCA1l and LHY expression (Makino et al., 2002). More recently, TOC1 was shown to directly
bind the CCAL promoter to repress CCAL expression directly (Figure 1.4) (Gendron et al., 2012;
Huang et al., 2012). In return, CCA1 and LHY negatively regulate TOC1 by binding to its
promoter (Figure 1.4) (Alabadi et al., 2001). CCA1 repression of TOC1 also corresponds with
histone deacetylation (Perales and Mas, 2007). Conversely, the MYB-containing transcription
factor REVEILLE 8 (RVES) is an activator of TOC1 expression and RVES binding to the TOC1
promoter correlates with histone acetylation (Farinas and Mas, 2011). Post-translational
regulation of TOC1 involves ZEITLUPE (ZTL) -mediated protein degradation, which is
hindered by TOC1 interacting with PRR3 (Figure 1.4) (Para et al., 2007). The interaction
between TOC1 and PRR5 also promotes stability and accumulation in the nucleus (Wang et al.,
2010). Among the PRRs, only TOC1 and PRR5 are targeted for proteolysis by F-box proteins
ZTL, FKF1 (FLAVIN BINDING, KELCH REPEAT, F-BOX 1), and LKP2 (LOVE KELCH

PROTEIN 2) (Figure 1.4) (Fujiwara et al., 2008; Baudry et al., 2010).

Similar to TOC1, PRRs 9, 7, and 5 bind to the promoters of CCA1l and LHY to negatively
regulate their expression (Figure 1.4) (Farre and Kay, 2007; Nakamichi et al., 2010). PRR9
forms a complex with TPL and histone deacetylase HDAG to repress CCAL and LHY (Wang et
al., 2013). In return, CCAl and LHY positively regulate the expression of PRR9 and PRR7
(Figure 1.4) (Farre et al., 2005). LIGHT-REGULATED WD1 (LWD1) also directly activates
PRR9 expression, and likewise, PRR9 indirectly promotes the expression of LWD1 (Figure 1.4)

(Wang et al., 2011). The repression of PRR9, on the other hand, involves the direct binding of
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the Myb-like GARP transcription factor LUX ARRYTHMO (LUX/PCL1), EARLY
FLOWERING 3 (ELF3), and likely ELF4 to the PRR9 promoter (Figure 1.4) (Helfer et al., 2011,
Chow et al., 2012). PRRO9 levels are extremely repressed in a TOC1 overexpressing line (Makino
et al., 2002), and TOC1 has been shown to directly bind to the PRR9 promoter (Huang et al.,
2012). Post-transcriptional regulation of PRR9 involves PROTEIN ARGININE METHYL
TRANSFERASE 5 (PRMT5) -mediated alternative splicing; prmt5 mutants express PRR9
transcripts with a higher retention of intron 3 (Sanchez et al., 2010). RVES8 plays a role in
directly activating PRR5, whereas PRR5 represses RVES in return (Figure 1.4) (Rawat et al.,
2011). The PRRs play central roles within the circadian clock and mutations in the PRRs result
in altered circadian rhythms, ultimately leading to elongated hypocotyl lengths, delayed
flowering times, as well as increased tolerance to drought and cold as observed in the

prroprr7prr5 (prr975) triple mutant (Figure 1.4) (Nakamichi et al., 2009).

Many clock components from the unicellular green alga Chlamydomonas reinhardtii share
domains with Arabidopsis clock components (Matsuo and Ishiura, 2010). Approximately 3% of
Chlamydomonas genes cycle under constant conditions, and clock-regulated outputs include
phototaxis during the day and chemotaxis at night, cell division, and rhythmic starch content
(Kucho et al., 2005; Matsuo and Ishiura, 2010). Likewise Ostreococcus tauri, the smallest free-
living eukaryote located at the base of the green plant lineage, contains two putative TOC1 and
CCA1 homologs (Corellou et al., 2009). TOC1 appears to activate CCA1 whereas CCAL likely
represses TOC1, although this transcription/translation feedback loop may be an
oversimplification since other factors are likely involved (Corellou et al., 2009; McClung, 2013).
Phylogenetic analyses show conservation of PRR protein sequences in green algae, liverworts,

mosses, and lycophytes (Farre and Liu, 2013). Thus, the presence of conserved clock
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components within the green plant lineage suggests that plant clocks evolved early on and share

a common ancestor.

Inputs to the plant clock

The circadian clock can be entrained by various cues to synchronize the internal oscillator with

the external environment.

Light Input

Light is one of the most important external cues for entrainment and a prevailing question has
been how external light cues get incorporated into the clock. Red/far-red light-absorbing
photoreceptors, phytochromes (phy) phyA, phyB, phyD, and phyE as well as the blue light
absorbing cryptochromes (cry) cryl and cry2, mediate visible light input into the clock (Devlin
and Kay, 2000). Yeom et al. (2014) recently showed that phyB may relay light quality
information to the circadian clock by preferentially binding to CCAl and TOC1 under far-red
light, or to LUX under red light. In addition, phyB can bind to clock components LHY,
GIGANTEA (Gl), and ELF3 under both red and far-red light, but no interaction was observed
between phyB and PRR9, PRR7, or ELF4 (Yeom et al., 2014). Further studies are necessary to
investigate the relevance of these interactions. Blue light sensing F-box proteins ZTL, FKF1, and
LKP2 also interact with GI; ZTL and GI were shown to form a stable complex under blue light
conditions (Kim et al., 2007). The UV-B light photoreceptor UV RESISTANCE LOCUS 8
(UVRS8) interacts with CONSTITUTIVELY PHOTOMORPHOGENIC 1 (COP1) under UV-B
light, and these two components have been shown to be necessary for UV-B light entrainment of

the circadian clock (Favory et al., 2009; Feher et al., 2011).
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Temperature Input

C-REPEAT/DRE BINDING FACTOR 1 (CBF1) has been shown to mediate cold temperature
input into the clock by directly binding to the LUX promoter and positively regulating its
transcription (Chow et al., 2014). In addition, the evening complex (EC) composed of LUX,
ELF3, and ELF4 has been implicated in temperature responsiveness since the upregulation and
downregulation of PRR7, GI, and LUX is abolished in EC mutants during temperature upshifts

and downshifts, respectively (Mizuno et al., 2014).

Metabolic Input

Although the exact mechanism is unknown, exogenous sucrose has an effect on the circadian
clock, on both the amplitude as well as the period of different circadian reporters. Dalchau et al.
(2011) conducted experiments in which sucrose was added at different times of the day, resulting
in peak expression of circadian reporters approximately 24 hours after the time of sucrose
addition. Haydon et al. (2013) observed that the inhibition of photosynthesis by DCMU (3-(3,4-
dichlorophenyl)-1,1-dimethylurea) increased the amplitude and period length of the PRR7
reporter, while the addition of sucrose resulted in a smaller amplitude and shortened period. No
effect was observed in the prr7 mutant upon sucrose addition. Therefore, the authors
hypothesized that the output of photosynthesis in the form of sucrose serves as metabolic input in

a feedback mechanism to entrain the clock through PRR7 (Haydon et al., 2013).

Outputs

Approximately 30% of the Arabidopsis transcriptome is circadian regulated, while around 90%

of genes display oscillations in expression levels under cycling environmental conditions,
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suggesting that many biological processes are circadian regulated (Covington et al., 2008;

Michael et al., 2008). Of the clock-regulated outputs (Table 1.1), hypocotyl growth,

photoperiodic control of flowering, and cold acclimation are the best described pathways, which

will be further discussed below.

Table 1.1. Biological processes regulated by the circadian clock.

Circadian regulated biological processes

Reference

Rhythmic leaf movement

(Bunning, 1967; Millar et al., 1995)

Petal opening

(Bunning, 1967)

Elongation rate of stems, hypocotyls, and
roots

(Lecharny et al., 1985; Dowson-Day and Millar,
1999:; Nozue et al., 2007; Nusinow et al., 2011;
Yazdanbakhsh et al., 2011)

Circumnutation of stems

(Niinuma et al., 2005)

Primary and secondary metabolite

biosynthesis

(Warren and Wilkins, 1961; Kolosova et al.,
2001; Blasing et al., 2005; Fukushima et al.,
2009)

Hormone biosynthesis and responses

(Thain et al., 2004; Covington and Harmer,
2007; Covington et al., 2008; Michael et al.,
2008; Mizuno and Yamashino, 2008)

Water stress responses

(Fowler et al., 2005; Bieniawska et al., 2008;
Kidokoro et al., 2009; Legnaioli et al., 2009;
Nakamichi et al., 2009)

Stomatal opening

(Holmes and Klein, 1986; Somers et al., 1998)

Ca2+ concentrations in certain cellular | (Johnson et al., 1995; Xu et al., 2007)
compartments
Water uptake (Takase et al., 2011)

Seed dormancy

(Penfield and Hall, 2009)

Defense against pathogens and herbivory

(Wang et al., 2011; Goodspeed et al., 2012)

UV-B signaling and stress response

(Feher et al., 2011; Takeuchi et al., 2014)

Starch turnover

(Graf et al., 2010)

Photoperiodic control of flowering

(Suarez-Lopez et al., 2001)

Iron homeostasis

(Duc et al., 2009)

Modified from (Nakamichi, 2011).
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Hypocotyl Growth

The hypocotyledonous stem, or hypocotyl, is the stem of a germinating seedling. Hypocotyl
growth in Arabidopsis is rhythmic, with elongation maximally occurring around dawn (Nozue et
al., 2007). Regulators of hypocotyl growth include the PHYTOCHROME INTERACTING
FACTOR (PIF) family of bHLH transcription factors, of which PIF4 and PIF5 are the best
characterized in the context of the circadian clock. PIFs promote skotomorphogenesis in the
dark. They accumulate to high levels during the late night and are degraded to low levels in the
light (Nozue et al., 2007). Specifically, the EC binds to the promoters of PIF4 and PIF5 to
repress hypocotyl growth during the early night (Nusinow et al., 2011). PIF4 and PIF5 are also
targets for repression by PRR7, PRR5, and TOC1 (Huang et al., 2012; Nakamichi et al., 2012;
Liu et al., 2013). This internal regulation by the circadian clock during the early night combined
with light regulation of the PIF protein levels through phytochrome-mediated degradation during

the day culminates in rhythmic hypocotyl growth (Nozue et al., 2007; Leivar and Quail, 2011).

Photoperiodic Flowering

The circadian clock is involved in the photoperiodic control of flowering in the long day plant
Arabidopsis. The zinc-finger-containing protein CONSTANS (CO) promotes flowering by
positively regulating FLOWERING LOCUS T (FT). During short days, CO mRNA peaks at night
and CO proteins are quickly degraded in the dark (Yanovsky and Kay, 2003; Valverde et al.,
2004). However, during long days CO transcription and translation coincides with daylight in the
late afternoon, resulting in stable CO protein, which positively regulates FT to induce flowering
(Yanovsky and Kay, 2003; Valverde et al., 2004). Circadian clock components PRR9, PRR?7,

and PRR5 promote flowering by negatively regulating CYCLING DOF FACTOR 1 (CDF1),
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which is a negative regulator of CO (Nakamichi et al., 2007). CDF1 is also post-translationally
regulated through FKF1-mediated protein degradation, dependent on FKF1 interacting with
circadian regulated GIGANTEA (GI) during long days (Imaizumi et al., 2005; Sawa et al.,
2007). GI has also been shown to bind to the promoter of FT and induce FT expression
independently of CO (Sawa and Kay, 2011). Altogether, the integration of light and the circadian
clock provides day-length information to ensure flowering occurs at the appropriate time

(Kinmonth-Schultz et al., 2013).

Cold Acclimation

Gating describes a feature of the circadian clock in which a particular stimulus can elicit a
response (open gate) or little to no response (closed gate) depending on the time of exposure
during a 24-hour cycle. CBF1, 2, and 3 are AP2/ERF domain-containing transcription factors
that promote freezing tolerance in Arabidopsis, and cold induction of the CBFs is gated by the
circadian clock (Fowler et al., 2005). CCAl and LHY were shown to positively regulate the
CBFs by binding to their promoters, and a ccallhy double mutant showed reduced cold induction
of the CBFs as well as impaired freezing tolerance (Dong et al., 2011). Constitutive expression
of the CBFs confers freezing tolerance, but also results in impaired growth and development
(Fowler et al., 2005). Thus, the circadian regulation of the cold acclimation pathway enables the

organism to respond at appropriate times, resulting in optimized resource management.

AIMS OF THESIS RESEARCH

Upwards of 90% of expressed genes oscillate under cycling conditions, while approximately

30% of expressed genes continue to cycle under constant conditions, revealing that almost a third
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of the Arabidopsis transcriptome is circadian regulated (Covington et al., 2008; Michael et al.,
2008). Information regarding which core clock components are responsible for regulating these
genes remains limited. Therefore, the main goal of my research was to define the regulatory
network of two partially redundant circadian clock components, PRR9 and PRR7 (Farre et al.,
2005). Out of the five PRR clock components, PRR9 and PRR7 have been shown to be positively
regulated by CCA1 and LHY (Farre et al., 2005). In return, PRR9 and PRR7 directly bind to the
promoters of CCAl and LHY to repress their gene expression, thereby completing a major
transcriptional/translational feedback loop within the circadian clock (Farre and Kay, 2007;

Nakamichi et al., 2010).

Mis-expression of PRR9 and PRRY7 result in alterations to the clock and downstream processes.
A PRR9 overexpressing line exhibits shorter periods and flowers early compared to WT
(Matsushika et al., 2002). prr9 single mutants, however, display very slight phenotypes,
appearing similar to WT, except for a lengthened period under various fluences of red or blue
light (Farre et al., 2005; Nakamichi et al., 2005). prr7 mutants, on the other hand, display
elongated hypocotyls and delayed flowering times under long days and these changes are
exacerbated in the prr9prr7 double mutant, indicating that PRR9 and PRR7 are partially
redundant (Nakamichi et al., 2005). Additionally, the prr9prr7prr5 triple mutant exhibits an
increased tolerance to cold and drought compared to WT (Nakamichi et al., 2009). My first aim
is to determine the genome-wide targets of PRR9 and PRR7, which would shed light on the
mechanisms responsible for the observed mutant phenotypes as well as uncover new pathways
regulated by PRR9 and PRR7. My experimental strategy involves conducting chromatin
immunoprecipitation followed by high-throughput sequencing to identify PRR9 and PRR7

targets on a genome-wide scale. Without this knowledge, we would be unable to make specific
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connections between the endogenous time-keeping mechanism and how it regulates overall plant

physiology.

When | first started my research, there were no publications identifying the genome-wide targets
of any circadian clock component. In addition, the mechanism by which the PRRs regulate target
genes was poorly understood. Although the PRRs do not contain a known DNA binding domain,
the CCT motif was shown to bind DNA in vitro and the PRR5 CCT motif associates with the
CCA1 promoter in vivo (Gendron et al., 2012; Nakamichi et al., 2012). These findings suggest
that the PRRs can bind DNA directly, and | wanted to investigate whether this is the case for
PRR9 and PRR7. | was also interested in determining whether PRR9 and PRR7 bind to a
particular cis-regulatory element to regulate transcription. In addition, two separate research
teams published articles detailing the genome-wide targets of PRR5 and TOC1 (Huang et al.,
2012; Nakamichi et al., 2012). Using their data in combination with the ChlP-seq datasets that |
generated for PRR9 and PRR7, | can explore how target genes compare among the four PRRs.
Thus, my second aim is to investigate the mechanism by which PRRs regulate target genes. My
experimental strategy is to uniformly analyze ChIP-seq data on PRR9, PRR7, PRR5, and TOC1
in order to conduct a comparative analysis and address open questions regarding PRR

transcriptional regulation.

In Chapter 2, | determined the biological processes regulated by PRR7, showing that they can
explain several prr9prr7prr5 triple mutant phenotypes. In particular, PRR7 represses master
regulators of plant growth, light signaling, and stress responses. Additionally, | found that G-
box-containing elements are enriched at PRR7 binding sites. In Chapter 3, | determined the

biological processes regulated by PRR9 and compared them to PRR7, PRR5, and TOC1 ChIP-

19



seq datasets. | showed that the PRRs bind to the same regions of DNA to regulate common target
genes. In addition, | observed that PRR binding sites are located in functional regulatory regions,
showing conservation among non-coding sequences of nine Brassicaceae species. Again, | found
that G-box-containing elements are enriched at the binding sites for each of the four PRRs.
Therefore, in Chapter 4 | explored whether PRR9 and PRR7 can directly bind G-boxes or if they
interact with G-box binding transcription factors to regulate target genes. I did not observe direct
binding of PRR9 and PRR7 to G-boxes in a heterologous system. | then hypothesized that PRR9
and PRR7 may be interacting with G-box binding transcription factors to mediate transcriptional
regulation. | observed a high overlap between PRR9 and PRR7 targets with those of G-box
binding transcription factors PIF1 and HY5, as well as FHY3. | have yet to identify a binding
partner for PRR9 and PRR7 based on my initial studies, but | have explored potential candidates

that can be further examined in future experiments.

Findings from my research have enabled me to comprehensively define the roles of PRR9 and
PRRY7 in transcriptionally regulating clock components and clock controlled genes, as well as
develop and test new hypotheses regarding the mechanism of PRR transcriptional regulation.
Thus, my large-scale study on PRR9 and PRR7 provides a rich resource, not only for circadian
biologists, but also for researchers interested in identifying the master regulators of their genes of
interest. Continued efforts in identifying the direct target genes of clock components would help

elucidate the complex gene regulatory network of the circadian clock.
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ABSTRACT

Up to 30% of the plant transcriptome is circadian regulated in different species. However, we
still lack a good understanding of the mechanisms involved in these genome-wide oscillations in
gene expression. Here we show that PSEUDO-RESPONSE REGULATOR 7 (PRR7), a central
component of the Arabidopsis clock, is directly involved in the repression of master regulators of
plant growth, light signaling and stress responses. The expression levels of most PRR7 target
genes peak around dawn, in an antiphasic manner to PRR7 protein levels and were repressed by
PRR7. These findings indicate that PRR7 is important for cyclic gene expression by repressing
the transcription of morning-expressed genes. In particular we found an enrichment in genes
involved in abiotic stress responses and in accordance, we observed that PRR7 is involved in the

oxidative stress response and the regulation of stomata conductance.

INTRODUCTION

A diverse range of organisms have evolved time-keeping mechanisms known as circadian clocks
(Bell-Pedersen et al., 2005). Circadian rhythms have an approximately 24 h period, persist under
constant conditions and are entrained by light and temperature. The ability to anticipate
environmental changes enable organisms to regulate biological processes in a timely order to
optimize their growth and development (McClung, 2011). In the plant model organism
Arabidopsis thaliana, the circadian clock regulates approximately 30% of the transcriptome
(Covington et al., 2008; Michael et al., 2008), while about 90% of Arabidopsis genes display
oscillations in expression levels under diel conditions (Michael et al., 2008). Circadian regulated
transcription is involved in many plant processes including metabolism, light signaling and floral

development (Doherty and Kay, 2010). It also plays a key role in the regulation of stress
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responses, such as cold, drought, oxidative stress and pathogen attack (Doherty and Kay, 2010;
Lai et al., 2012). Recent results show that the circadian regulated expression of a significant
number of genes is conserved across different plant species (Khan et al., 2010; Filichkin et al.,

2011).

In the Arabidopsis circadian clock, several components form interlocking feedback loops, which
are a common feature of circadian clocks in eukaryotes (Bell-Pedersen et al., 2005). Two
homologous MYB transcription factors, CIRCADIAN CLOCK ASSOCIATED 1 (CCAl) and
LATE ELONGATED HYPOCOTYL (LHY), peak close to dawn and activate the expression of
PSEUDO-RESPONSE REGULATOR 9 (PRR9) and PRR7 (Farre et al., 2005). PRR9, PRR7 and
PRRS5 protein levels peak between the middle and the end of the day to repress CCA1l and LHY
expression (Farre and Kay, 2007; Nakamichi et al., 2010). In addition to activating gene
expression, CCA1 and LHY repress the transcription of the evening-expressed genes TIMING
OF CAB EXPRESSION 1/ PSEUDO-RESPONSE REGULATOR 1 (TOC1/ PRR1), EARLY
FLOWERING 3 (ELF3), ELF4 and LUX ARRYTHMO (LUX) (Nakamichi, 2011). In turn, these
genes regulate the expression of CCA1 and LHY indirectly by repressing PRR9, PRR7 and/or
PRR5 expression (Pruneda-Paz et al., 2009; Dixon et al., 2011; Gendron et al., 2012; Huang et
al., 2012; Pokhilko et al., 2012). In addition, TOC1 has also recently been shown to repress
CCALl and LHY expression directly (Gendron et al., 2012; Huang et al., 2012). Mutant analyses
indicate that PRR9, PRR7 and PRR5 are necessary for rhythmicity and play partly overlapping
roles in the regulation of both the circadian clock and clock output processes (Farre et al., 2005;
Nakamichi et al., 2005; Nakamichi et al., 2007; Nakamichi et al., 2009; Nakamichi et al., 2010).
Circadian-regulated PRRs contain a pseudo-receiver domain, similar to the receiver domains of

response regulators, and a CCT (CONSTANS, CONSTANS-like, and TOC1) motif. The PRRs
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have been found to be associated with specific promoter regions in vivo and are able to bind
DNA in vitro (Pruneda-Paz et al., 2009; Nakamichi et al., 2010; Gendron et al., 2012; Nakamichi
et al., 2012). For example, PRR9, PRR7, and PRRS5 associate to the promoter regions of CCA1
and LHY to repress their transcription (Nakamichi et al., 2010). Mutations in any of these PRRs
also result in alterations of numerous physiological and developmental processes, and these
changes are exacerbated in higher order mutants. When compared to the wild type, the
prr5prr7prr9 triple mutant (prr579) is photoperiod insensitive and displays a very late flowering
phenotype under long day conditions (Nakamichi et al., 2007). This triple mutant is also more
drought and cold tolerant and has perturbed metabolite levels, including an elevated abscisic acid

(ABA) content (Fukushima et al., 2009; Nakamichi et al., 2009).

In order to understand the role of PRR7 in the regulation of plant growth and development, we
identified genome-wide PRR7 targets in Arabidopsis by conducting chromatin
immunoprecipitation combined with high-throughput sequencing (ChlP-Seq). Using this
approach, we were able to identify 73 high-confidence PRR7 binding sites. Putative PRR7 target
genes were enriched in morning-expressed circadian regulated genes and included master
regulators of growth, light signaling and stress responses. In accordance, we found that PRR7 is

involved in the oxidative stress responses and the regulation of stomata opening in Arabidopsis.

RESULTS

Identification of PRR7 target genes using ChlP-seq

Mutant expression analyses have shown that PRR7 influences numerous physiological processes

in Arabidopsis. In order to identify the direct targets of PRR7 transcriptional regulation we
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carried out two ChIP-Seq experiments using lines expressing HA-PRR7 under the control of its
endogenous promoter that complement the long period circadian phenotype of prr7-3 (prr7)
(Farre and Kay, 2007). The ChIP-Seq data were analyzed using QUEST, a statistical package
used to determine transcription factor binding sites (Valouev et al., 2008) (Dataset S2.1), and we
identified 73 high-confidence binding sites in common between the two experiments (Dataset
S2.1). Putative PRRY7 target genes were defined as genes with binding sites located within 1000
bp upstream of a transcriptional start site to 1000 bp downstream of a transcriptional stop. Based
on these criteria, of the 73 HA-PRR7 specific binding sites, 17 binding sites did not associate
with any annotated gene, whereas the remaining 56 binding sites associated with 83 genes
(Dataset S2.1). Of these 83 putative PRR7 target genes, each gene associated with one binding
site except for AT1G22767, for which we identified two sites (Dataset S2.1). For 90% of the
genes, the location of the PRR7 binding sites identified in Experiments | and Il differed by no
more than 100 bp (Figure 2.1a). Our data confirmed the association of PRR7 with genomic
regions close to the transcriptional start sites of CCA1 and LHY (Figure S2.1a-d) (Nakamichi et

al., 2010).

We further tested and confirmed the binding of PRR7 to 12 out of 19 binding sites identified in
both Experiment | and Experiment Il in a PRR7 overexpressing line (PRR70x) using three
independent ChIP-quantitative PCR assays (ChIP-gPCR) (Figure S2.1). Using this independent
assay, we also tested and confirmed PRR7 binding to 20 out of 32 binding sites identified in one
of the two ChIP-seq experiments (Dataset S2.1, Figure S2.le-f). These target genes were
selected based on their potential role in the phenotypes observed in prr mutants and/or were
members of gene families identified in the common set. Downstream analyses were performed

on a total of 93 sites, composed of 73 identified in both ChIP-Seq experiments and the 20 sites
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that were independently confirmed. We will subsequently refer to these binding sites as PRR7
binding sites. These sites were associated with a total of 113 genes, which we will refer to as
putative PRR7 targets (Dataset S2.1). The majority of PRR7 binding sites were located within
1000 bp upstream of a transcriptional start site and 54% lie within 300 bp of a transcriptional

start site (Figure 2.1b).

PRR7 represses the expression of target genes by binding to regions close to their

transcriptional start sites

In order to study the effect of PRR7 on its target genes we used publicly available data on gene
expression in the prr579 mutant (Nakamichi et al., 2009) and analyzed RNA levels in PRR70x
(Farre and Kay, 2007) and prr579 by reverse transcription-gPCR (RT-qPCR) (Figure 2.2, Figure
S2.2, Dataset S2.1). We found an enrichment of genes upregulated in prr579 among PRR7
targets (Fisher's exact test, p<0.0001) (Figure 2.1c). We observed a further enrichment of genes
upregulated in prr579 among genes that contain PRR7 binding sites upstream of their
transcriptional start sites when compared to putative PRR7 targets with intragenic or downstream
binding sites (Figure 2.1c; Fisher's exact test, p<0.05). These results indicate that PRR7
associates with regions close to transcriptional start sites to repress transcription. Among the
PRR7 binding sites, 16 are associated with the upstream region of one gene and the downstream
region of another gene. In 64% of the cases analyzed (7/11), the gene with the PRR7 binding site
closer to the transcriptional start site was upregulated in prr579 in the subjective evening and
downregulated in the PRR70x line in the subjective morning (Figure S2.2a-h), suggesting
repression by PRR7. We also identified a few genes with a PRR7 binding site in their

downstream region displaying changes in expression in either the prr579 mutant or the PRR70x
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line (Figure S2.2a-c, e, g). Since these genes show circadian oscillations, these effects might be
caused indirectly by other clock components. In order to further study the role of the position of
PRR7 binding sites on PRR7 regulation of gene expression, we identified PRR7 binding sites
that were located upstream of the transcriptional start sites of two genes. In five of the six pairs
analyzed, only one gene from each pair appeared to be repressed by PRR7 (Dataset S2.1, Figure

$2.2i-K).

Of the PRRY7 targets with an upstream binding site, 71% cycle under light/dark conditions
compared to 31% genome-wide (Fisher's exact test, p<0.0001; Figure 2.1d) (Michael et al.,
2008). In addition, 71% cycle under constant light conditions compared to 23% genome-wide,
revealing an enrichment in circadian-regulated genes among PRR7 targets (Fisher's exact test,
p<0.0001; Figure 2.1d) (Michael et al., 2008). Most of the PRR7 cycling target genes displayed a
peak in expression between the end of the night and early morning under both light/dark cycles
and constant light conditions (Figure 2.1e-f). This pattern of expression is antiphasic to PRR7
protein levels that peak at the end of the day (Farre and Kay, 2007) and agrees with the recent
results showing that PRR7 can act as a transcriptional repressor (Nakamichi et al., 2010). In
general, PRR7 overexpression resulted in decreased peak RNA levels of PRR7 target genes,
whereas the expression levels of PRR7 targets were elevated in the prr579 mutant at the troughs
compared to the wild type (Figure S2.2). This pattern of changes in expression is similar to what
occurs in overexpressing and mutant lines of other clock components that act as repressors such
as TOC1 (Huang et al., 2012), CCA1 and LHY (Wang and Tobin, 1998; Mizoguchi et al., 2002;

Pruneda-Paz et al., 2009), ELF3, ELF4 and LUX (Dixon et al., 2011; Nusinow et al., 2011).
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PRR7 regulates the expression of other clock components and regulators of developmental

processes

Functional analysis of PRR7 target genes showed an enrichment in transcriptional regulators
(Figure 2.2a). These transcriptional regulators include other clock components as well as factors
involved in plant growth, development, light signaling and stress responses (Figure 2.3). In
addition to CCA1 and LHY, we found that PRR7 associated with the promoter of PRR9 (Dataset
S2.1). The expression level of PRR9 is strongly reduced in the PRR70x (Figure 2.3). Moreover,
the prr579 triple mutant displays a long hypocotyl phenotype under several growth conditions
(Kunihiro et al., 2011). Consistent with this phenotype, PRR7 targets include PHYTOCHROME
INTERACTING FACTOR 4 (PIF4) and PIF5 (Dataset S2.1). These two genes encode for bHLH
transcription factors that promote hypocotyl growth in the dark and integrate both the clock and
light to regulate hypocotyl growth in a diurnal pattern (Nozue et al., 2007; Nusinow et al., 2011,
Kinmonth-Schultz et al., 2013). Thus, the long hypocotyls observed in the prr579 mutant may be
attributed to the derepression of both PIF4 and PIF5 by PRR7 (Figure 2.3). In addition, PRR7
also represses the expression of the myb-like transcription factors REVEILLE 1 (RVE1), RVE2
and RVE7 (Dataset S2.1, Figure 2.3). These proteins are involved in the regulation of processes
downstream of the circadian clock such as hypocotyl growth and flowering (Kuno et al., 2003;
Zhang et al., 2007; Rawat et al., 2009), and their elevated expression in the prr579 mutant could
contribute to its long hypocotyl phenotype as well (Figure 2.3). Under both short-day and long-
day conditions, the prr579 triple mutant exhibits an extremely late flowering phenotype,
suggesting that the PRRs may play a role in the photoperiodic control of flowering time
(Nakamichi et al., 2007). Indeed, this mutant displays elevated transcript levels of CYCLING DOF

FACTORS (CDFs), which are negative regulators of CONSTANS gene expression (Nakamichi et
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al., 2007; Song et al., 2010). We found that PRR7 targets include CDF2 and CDF5 and that their

expression is reduced in the PRR70x and elevated in the prr579 triple mutant (Figure 2.3).

Among PRRY7 targets, we identified several genes involved in light signaling (Dataset S2.1,
Figure 2.3). For example, the expression of both LONG HYPOCOTYL 5 (HY5) and HY5-
HOMOLOG (HYH) is elevated in the prr579 triple mutant, although only HYH is repressed in
the PRR70x line (Figure 2.3). These proteins encode homologous bZIP transcription factors
shown to mediate light responses and promote photomorphogenesis (Chattopadhyay et al., 1998;
Holm et al., 2002). In addition, we found that PRR7 represses ATTENUATED FAR-RED
RESPONSE (AFR), an F-box protein involved in phyA light signaling (Harmon and Kay, 2003),
as well as SALT TOLERANCE (STO) and SALT TOLERANCE-HOMOLOGUE (STH), which are
B-box transcription factors involved in red light dependent hypocotyl elongation (Indorf et al.,
2007; Kumagai et al., 2008) (Figure 2.3). Moreover, light regulated genes were enriched among
PRRY7 targets (Fisher's exact test, p<0.0001) (Figure 2.4a) (Nozue et al., 2011) (Dataset S2.2).
Accordingly, most PRR7 target genes contained a G-box motif in their promoter regions (Figure
2.4b). G-box elements are overrepresented in light regulated genes, and several proteins involved
in light signaling are known to bind to these DNA elements (Chattopadhyay et al., 1998; Hudson
and Quail, 2003; Yadav et al., 2005; Oh et al., 2009). To look for potential cis-regulatory
elements directly involved in PRR7 function, we search for conserved motifs in regions + 50 bp
from the PRR7 upstream binding sites. Using the software packages MEME (Bailey et al., 2006)
and Weeder (Pavesi et al., 2004) we only found a G-box containing motif enriched in regions
close to PRR7 binding sites (Figure 2.4d). The analysis of regions + 100 bp and + 250 bp from
the PRR7 upstream binding sites also identified a G-box containing motif (Figure S2.3). These

findings suggest that a G-box is involved in the regulation of gene expression by PRR7.
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In order to identify potential co-regulators of PRR7 targets, we compared them with the genome-
wide targets of transcriptional regulators involved in light signaling. We found that a significant
number of PRRY7 targets are also regulated by the G-box binding factors PIF1/PIL5 and/or HY'5,
as well as FAR-RED ELONGATED HYPOCOTYL3 (FHY3) (Figure 2.4c; Fisher's exact test,
p<0.0001) (Lee et al., 2007; Oh et al., 2009; Ouyang et al., 2011) (Dataset S2.2). These results
could explain the enrichment of genes involved in red and far-red light responses among putative
PRRY7 target genes (Figure 2.2a) and indicate that they might be co-regulated by different light
signaling components. Finally, PRR5 and TOC1 transcriptional targets have recently been
described and comparative analysis show that their target genes overlap significantly with the
PRRY7 targets identified in this study (Figure 2.4e) (Fisher's exact test, p<0.0001) (Huang et al.,

2012; Nakamichi et al., 2012).

PRR7 is involved in the regulation of cold regulated gene expression

The prr579 triple mutant has been shown to be more cold and drought stress tolerant than wild
type plants (Nakamichi et al., 2009). Consistent with these findings, PRR7 targets include C-
REPEAT/DRE BINDING FACTOR 1 (CBF1), CBF2, and CBF3, which are AP2 domain-
containing transcriptional activators in the cold response pathway (Dataset S2.1) (Gilmour et al.,
1998). The levels of CBF2 and CBF3 are constitutively upregulated in prr579 and repressed in
the PRR70x (Figure 2.3). The prr579 triple mutant also displays constitutively higher induction
of the three CBFs upon transfer to cold (Nakamichi et al., 2009). Moreover, analyses of cold
stress microarrays (Kilian et al., 2007) revealed that 73% of PRR7 targets are differentially
regulated in response to cold compared to 39% genome-wide (Fisher's exact test, p<0.0001)

(Dataset S2.2). None of the PRR7 target genes are upregulated in CBF overexpressing lines
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(Fowler and Thomashow, 2002). This indicates that the upregulation of cold responsive genes in
the prr579 mutant is not only caused by the effect of these pseudo-response regulators on CBF
expression, but also suggests a wider role of the circadian clock in cold responses than

previously thought (Dong et al., 2011).

PRR7 regulates drought and abscisic acid responsive genes

We observed an enrichment in drought responsive genes among the putative PRR7 targets and
found that 80% are drought responsive compared to 45% genome-wide (Fisher's exact test,
p<0.0001) (Kilian et al.,, 2007) (Dataset S2.2). Furthermore, one PRR7 target is ABA
DEFICIENT 1 (ABAl) (Datasetl), which encodes a zeaxanthin epoxidase involved in ABA
biosynthesis (Xiong et al., 2002). The upregulation of ABA1 (Figure 2.5) could explain the
elevated levels of ABA observed in the prr579 triple mutant (Fukushima et al., 2009). In
addition, general functional annotation analysis indicated an enrichment of ABA regulated genes
(Figure 2.2a) and we showed that 28% of PRR7 targets are regulated by ABA (Fisher's exact
test, p<0.0001) using data from reference (Nemhauser et al., 2006) (Dataset S2.2). Consistent
with this finding, more than one third of the PRR7 target genes contain ABA-responsive
Elements (ABRE) in their upstream regions (Figure 2.4b). The ABA regulated genes comprise
about half of the drought and cold responsive PRR7 targets (Figure 2.2b). Moreover, most of the
PRRY7 target genes that are drought responsive are also cold responsive and vice versa. These
results suggest that PRR7 may regulate cold and drought responses in coordination with an ABA
dependent mechanism. We further investigated the role of PRR7 on ABA-regulated gene
expression in PRR7 mutants and overexpressors. Genes induced by ABA, such as CDF1 and

ABA1 were less induced in the seedlings overexpressing PRR7 (Figure 2.5). We also investigated
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the physiological effects of PRR7 on ABA regulated genes. The prr579 mutants displayed a
significant reduction in stomata conductance under well-watered conditions (Figure 2.6a). In
order to test whether PRR7 could affect the plant sensitivity to ABA we analyzed the water loss
of wild type and PRR7 misexpressing lines treated with this hormone. All plants including PRR7
overexpressors responded to the ABA treatment. ABA treated overexpressors lost more water
and the prr579 mutant lost less water than ABA treated wild type plants after root detachment
(Figure 2.6b). This suggests that factors other than ABA content affect water loss in PRR7

misexpressing plants.

It has been shown that ABA affects the period length of the circadian clock under constant light
conditions (Hanano et al., 2008). Therefore, we tested if PRR7 could affect the sensitivity of the
clock towards ABA. Under our experimental conditions, ABA addition led to a small reduction
in the period length of wild type seedlings but to a stronger reduction in prr7 mutants (Figure
2.7a-c). After treatment with exogenous ABA, prr7 mutants became short period with respect to
the wild type (Figure 2.7¢). The prr57 and prr79 double mutants also displayed a small reduction
in period length after the addition of ABA. In contrast to the effects of ABA on TOC1 (Legnaioli
et al., 2009) (Figure S2.4), we did not observe any effect of exogenous ABA on PRR7 gene
expression (Figure 2.7d). However, the expression of PRR7 was reduced in the ABA deficient

npg2-1 mutant (Figure 2.7d).

PRRY7 is involved in the adaptation to iron excess

PRRY7 targets also included three FERRITINS, FER1, FER3 and FER4. These genes are part of
the few PRRY7 targets with peaks of expression in the evening in wild type seedlings (Figure 2.8).

The RNA levels of FER1, FER3 and FER4 are reduced in PRR70x, while their expression is
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elevated during the subjective day in the prr579 mutant (Figure 2.8). Ferritins have been
proposed to protect plants against oxidative stress caused by excess iron (Briat et al., 2010) and
the fer134 triple mutant displays increased sensitivity towards excess iron when grown on soil
(Ravet et al., 2009). Therefore, we tested whether misexpression of PRR7 would lead to a defect
in the adaptation to iron excess media. PRR7 overexpressing lines were more sensitive to iron-
excess and displayed a significant reduction in chlorophyll content when grown under high iron
conditions (Figure 2.9a). In contrast, higher order prr mutants appeared almost insensitive to iron
addition (Figure 2.9a). Under the conditions tested, the ferl34 mutant did not display an
increased sensitivity towards excess iron indicating that other mechanisms mediate the role of
PRRs in oxidative stress (Figure 2.9b). It has recently been shown that CCAL and LHY regulate
the levels of reactive oxygen species (Lai et al., 2012). Since PRR7 represses the expression of
CCAl and LHY (Farre and Kay, 2007, Nakamichi, 2010 #402), we analyzed the sensitivity of the
ccallhy mutant and the CCAlox line to excess iron. In agreement with the role of CCAL and
LHY in protecting against reactive oxygen species, the ccallhy mutant was significantly more
sensitive to iron-excess than the wild type (Figure 2.9c). We therefore assessed the iron
sensitivity of prr79 mutants with reduced levels of CCA1 and LHY (Salome and McClung,
2005). In spite of their decrease in CCA1l and LHY expression (Figure S2.5) these lines still
displayed a decreased sensitivity to iron-excess (Figure 2.9d), suggesting an independent role of

PRRs under oxidative stress.
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DISCUSSION

PRR7 is a repressor of gene expression

Our results suggest that PRR7 represses gene expression by binding to regions close to
transcriptional start sites. We did not find any evidence for PRR7 acting as a transcriptional
activator. These findings suggest that the mechanism of transcriptional regulation by PRR7 could
be the same for all of its target genes. PRR5, PRR7 and PRR9 contain a partially conserved
amino acid sequence shown to be necessary for repressing transcription in yeast (Nakamichi et
al.,, 2010). This conserved EAR (ethylene-responsive element binding factor-associated
amphiphilic repression) motif is located in the variable domain of these PRRs, between the
highly conserved pseudo-receiver and CCT domains. It has recently been shown that PRR5,
PRR7 and PRR9 associate with the plant Groucho/Tupl co-repressor family,
TOPLESS/TOPLESS-RELATED, via the EAR motif to repress the transcription of CCAL and
LHY (Wang et al., 2013). The CCT domain shares some sequence similarity with the DNA
binding domain of yeast HEME ACTIVATOR PROTEIN 2 (HAP2), which is a subunit of the
HAP2/HAP3/HAPS trimeric complex that binds to CCAAT boxes in eukaryotic promoters
(Wenkel et al., 2006). The CCT domain of PRR5 is necessary for association to the DNA in vivo
(Nakamichi et al., 2012), and the CCT domain of several circadian regulated PRRs, including
PRR7, has also been shown to bind DNA directly in vitro (Gendron et al., 2012). However, the
DNA binding specificity of the PRRs remains unknown. The transcriptional regulation activity
of the PRRs might also be mediated by their interaction with DNA binding transcriptional
regulators. For example, TOC1 has been shown to interact with CHE1 and several bHLH

transcription factors (Yamashino et al., 2003; Kidokoro et al., 2009; Pruneda-Paz et al., 2009).
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Our results indicate that a G-box motif is enriched in regions very close to the PRR7 binding
sites. This finding suggests that PRR7 could mediate regulation directly or through G-box
binding proteins. The G-box is also enriched in regions close to PRR5 and TOCL1 binding sites
(Huang et al., 2012; Nakamichi et al., 2012) indicating that these three pseudo-response
regulators might be binding to the same promoter regions. Moreover, G-box like promoter
elements mediate light and ABA signaling processes (Jiao et al., 2007; Cutler et al., 2010). The
combinatorial effect of PRR7 and these signaling pathways are likely to cause the differences in
the phase of expression of PRR7 target genes between constant light and light/dark cycles

(Figure 2.1¢,1).

PRR7 represses the expression of other clock proteins and master regulators of plant

growth, development and response to abiotic stress

Other clock genes were identified among the strongest bound targets in our experiments. We
found that PRR7 directly regulates morning-expressed PRR9 in addition to CCA1 and LHY.
Similar experiments on the mammalian clock component BMALL have also shown stronger
binding to other clock components than to clock output genes (Rey et al., 2011). These
differences in binding could reflect differences in tissue specific expression, tissue specific
association and/or overall binding affinity. Among PRR7 targets, we found a significant
enrichment of transcription factors. The presence of a large number of transcription factors
among first order circadian regulated genes indicates that the circadian clock regulates output
processes in a hierarchical fashion. However, as has been shown for BMALL in mice (Rey et al.,
2011), PRRY also regulates a significant number of non-regulator targets. The identified direct

targets of PRR7 can explain most of the observed phenotypes of the prr579 triple mutant such as
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cold and drought tolerance, long hypocotyl and late flowering. Since PRR5 and PRR9 are also
able to directly regulate the expression of CCAl and LHY, it was expected that their target
promoters would also overlap significantly with PRR7 targets. PRR5 transcriptional targets have
recently been identified using a ChIP-seq approach and they include a significant number of
genes also regulated by PRR7. Among these common targets are key transcription factors, such
as RVEL and RVE7, CDF2 and CDF5, PIF4 and PIF5 and CBF1/2/3. Interestingly, PRR7 and
PRR5 also share a large number of target genes with TOC1 (Figure 2.4e). Most of PRR5, PRR7
and TOCL1 regulated genes peak in the morning in an antiphasic manner to late day/dusk
expression of these proteins. The consecutive expression of PRR7, PRR5 and TOC1 therefore
leads to the repression of their targets during a wide window between the late day and early night

period.

PRR7 modulates ABA regulated gene expression

A significant number of PRR7 target genes are regulated by ABA and we observed that changes
in PRR7 levels influence the response of these genes to the hormone (Figure 2.5). Interestingly,
even under the exogenous application of ABA, the expression of CDF1 cycles in wild type
seedlings under constant light conditions with little or no activation observed at dusk (Figure
2.5), which coincides with the peak of PRR7 protein levels. Our analysis of PRR7 mutants and
overexpressors indicate that PRR7 is at least partly responsible for that time dependent response
to ABA. In spite of the effects of PRR7 on ABA-mediated expression changes, PRR7 mutants
and overexpressors still responded to the ABA promotion of stomata closing (Figure 2.6b).
Moreover, PRR7 is associated with the upstream regions of several genes involved in ABA

signaling such as HY5 (Chen et al., 2008), GENOMES UNCOUPLED 5 (GUNS5) (Du et al.,
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2012) and ABI FIVE BINDING PROTEIN 4 (AFP4) (Garcia et al., 2008). GUNS is also directly
repressed by TOCL1, and TOCL1 overexpressors display changes in ABA sensitivity in stomata
closing. A possible explanation for this difference in response to ABA between TOC1 and PRR7
misexpressing lines might be due to differences in tissue specific expression among the PRRs.
Although PRR5, PRR7, PRR9 and TOC1 are expressed in the phloem, only TOCL1 is
significantly expressed in the stomata (Figure S2.6) (Mustroph et al., 2009). Finally, we observed
that prr7 mutant period length was more sensitive to exogenous ABA than the wild type (Figure
2.7a-c). ABA affects TOCL1 expression (Legnaioli et al., 2009; Huang et al., 2012) (Figure S2.4)
but not PRR7 RNA levels (Figure 2.7d) under constant light conditions and therefore the

mechanism behind this difference in ABA sensitivity of the prr7 mutants remains to be studied.

PRR7 mediates sensitivity against oxidative stress

PRR7 overexpressors and prr579 triple mutants displayed changes in sensitivity to oxidative
stress caused by excess iron. Our results indicate that this is not caused solely by the role of
PRRs on CCAL and LHY expression, which have recently been shown to play a direct role in the
time dependent protection against reactive oxygen species (Lai et al., 2012). In addition to three
ferritin genes that have been shown to be involved in the protection against excess iron (Ravet et
al., 2009), PRRY7 targets also include a superoxide dismutase family protein (At3g56350). It has
been shown that the overexpression of Arabidopsis CBF1 in transgenic tomato also leads to an
increased tolerance against oxidative damage (Hsieh et al., 2002). Therefore, the strong changes
in CBF1/2/3 expression in PRR7 mutants and overexpressors could also be partly responsible for

these changes in sensitivity to oxidative stress.
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In conclusion, our studies show that PRR7 directly regulates a significant number of genes
involved in the response to abiotic stimuli. Most PRR7 targets are expressed in the morning and
are co-regulated by light, drought and/or cold signaling pathways as well as by other clock
components. Taken together, these results establish the role of clock components directly

regulating multiple signaling pathways in a time dependent manner.

EXPERIMENTAL PROCEDURES

Plant Materials

The Arabidopsis lines prr7-3, prr9-1, prr79 (prr7-3prr9-1), prr79 CCR2::LUC (Farre et al.,
2005), prr7-3 PRR7::HA-PRR7 #151 (Farre and Kay, 2007), 35S::HA-PRR7 #54 (Farre and
Kay, 2007), 35S::PRR7 #5 (Farre and Kay, 2007), CCAlox (35S::CCAL #34) (Wang and Tobin,
1998), ccallhy (ccal-11 Ihy-21,CS9380) (Dong et al., 2011), npg2-1(Niyogi et al., 1998), fer123
(Ravet et al., 2009) were previously described. The lines prr7,prr9 (prr7,9) and prr7,9 amiR-
CCA1-LHY are in the Col-2 CCAL::LUC background (Salome and McClung, 2005). The lines
prr57 (prr5-1prr7-3) and prr579 (prr5-1prr7-3prr9-1) were generated by crossing. prr57

CCR2::LUC was generated by transformation (Strayer et al., 2000).

Growth conditions

For gene expression and ChIP experiments, seedlings were grown on Murashige and Skoog
(MS) medium (Murashige and Skoog, 1962) with 0.8% agar and 2% sucrose under 70 pmol m"
st and a 12 h light/12 h dark regime at 22 °C for two weeks. For the analysis of ABA regulated
gene expression, plants were treated with 10 uM ABA or ethanol control in 0.01% silwett at

ZT24 and transferred to constant light. For the iron excess experiments sterilized seeds were
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germinated on plates containing (MS) medium without sucrose and were grown for three weeks
under a 70 umol m2s™* and a 12 h light/12 h dark regime. The seedlings were then transferred to
a new MS media plate (100 uM iron), or MS medium supplemented with iron EDTA to achieve
a final iron concentration of 600 pM. The plates were moved to constant light (70 umol m?2s?)
the next day at ZTO and were kept in constant light for 4 to 7 days before the analysis of
chlorophyll content. For stomata conductance seeds were sown on soil in Ray Leach “Cone-
tainers” (Stuewe & Sons, Tangent, OR, USA). After a 3-day imbibition at 4°C, the wild type,
prr7 mutant, and PRR7 overexpressors were grown under a 120 pumol m2s?, 8 h light/16 h dark
short day at 24 °C light/20 °C dark for 7 weeks until the gas exchange experiments were
performed. For prr579 triple mutant, the plants were grown under a 120 pmol m2s?, 16 h light/8
h dark long-day regime at 24 °C light/20 °C dark for 6 weeks, and the plants were transferred to
an aforementioned short-day regime 10 days before the gas exchange measurements were
performed. The rosette leaves of the triple mutant remained otherwise too small for single-leaf
conductance analysis under short-day growth conditions. For the water loss assays, four-week-
old plants grown on soil under 100 pmol m2s?, 16 h light/8 h dark at 22°C were treated with
either 10 uM ABA in water or water with methanol as control at ZT1. Three hours later at ZT4.5

rosettes were detached and the weight loss was measured over a 2 h period.

Chromatin Immunoprecipitation, Library Preparation and Sequencing

Chromatin immunoprecipitation was carried out by a modified protocol based on Sawa et al.
(2007). Details are described in Method S1. Arabidopsis seedlings were harvested at ZT12. For
each ChIP we used ~120 ug of DNA. The protocol for library preparation for sequencing is

described in the Method S2. For each library, we pooled 5 (Experiment I) and 12 (Experiment I1)
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individual immunoprecipitated DNA and respective input DNA using QIAquick® PCR
Purification Kit (Qiagen, Hilden, Germany). Adapter sequences are described in Dataset S2.3.
The DNA size and quality was controlled using the BioAnalyser DNA high sensitivity Kit
(Agilent, Santa Clara, CA, USA) and Fluorometer Qubit (Invitrogen, Carlsbad, CA, USA).
Single end Illlumina sequencing-by-synthesis was performed by the Michigan State University

Research Technology Support Facility.

Analysis of Enrichment of Immunoprecipitated DNA by quantitative PCR

1.5 ul of DNA were used for PCR amplification by qPCR using an Eppendorf single-color real-
time PCR detection system (Master Cycle Realplex?). Two technical replicates were analyzed for
each sample. Quantification was carried out by PCR base line subtracted curve fit with the
provided Realplex software. Primers are described in Dataset S2.3. The intron of ACT2
(AT5G09810) was used as a negative control. Details on the use of different HA-PRR7

expressing lines are described in Method S3.

Expression Analysis by RT-qPCR

RNA was extracted using the Plant RNA Kit according to the manufacturer’s recommendations
(Omega). The iScript cDNA synthesis kit (Bio-Rad) was used for reverse transcriptase-mediated
PCR. The cDNA was diluted five times with water, and 1.5 pul were used for PCR amplification
by real-time PCR as described for the detection of immunoprecipitated DNA. Two technical
replicates were analyzed for each sample. Primers are described in Dataset S2.3. The gene IPP2

(AT3G02780) was used as a normalization control.
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ChlIP-Seq Data Analysis

Sequences were preprocessed using the FASTX toolkit (http://hannonlab.cshl.edu/fastx_toolkit/)
and aligned to the Arabidopsis TAIR10 genome using Bowtie (Langmead et al., 2009). QUEST
(\Valouev et al., 2008) was used to identify binding sites and determine the false discovery rates
(FDR). In Experiment I, each immunoprecipitated sample from prr7-3 PRR7::HA-PRR7 and
prr7-3 were compared to their respective inputs as negative controls. After discarding 11 binding
sites common between the two sets, we identified 674 sites specific to prr7-3 PRR7::HA-PRR7.
In Experiment IlI, we compared the immunoprecipitated prr7-3 PRR7::HA-PRR7 to the
immunoprecipitated prr7-3 as a negative control and identified 298 binding sites (Figure S2.7).
We defined common binding sites between the two experiments as binding sites located within
500 bp and identified 73 PRR7 binding sites. The binding sites determined by QUEST were
compared to TAIR10 genes to associate binding sites to putative target genes. Genes were
associated to binding sites located within 1000 bp upstream of the transcriptional start site to

1000 bp downstream of the transcriptional stop. Details are described in Method S4.

Identification of Common DNA Elements in Regions Close to PRR7 Binding Sites

Flanking sequences around each binding site were acquired using a publicly available script
(http://www.stanford.edu/%7evalouev/QUEST/output_genomic_regions_from_calls.pl.gz).

Overrepresented motifs were identified using MEME (Mustroph et al., 2009) and Weeder
(Pavesi et al., 2006). Significant motifs were defined as having an E-value less than 0.001. We
used positional weight matrices (PWM) to search for specific motifs of interest, including the G-
BOX (CACGTG), ABA responsive element (C/T)ACGTGGC), evening element

(AAAATATCT), and CCAL1 binding site (AA(A/C)AATCT) (Zou et al., 2011). The mapping p-
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value was set at <10, the mapping score threshold was set to 0.9, and the background AT and
GC frequency was specified as 0.33 and 0.17, respectively. We looked for these elements in the
promoter region (1000 bp upstream of the transcriptional start site) for the 79 out of 113 genes
that had a PRR7 binding site located in the upstream region, and compared them to genome-wide
data. We specifically searched for the LUX binding site (GAT[A/T]CG) since a PWM had not

been generated for this motif.

Comparison of PRR7 Target Genes and other Data Sets

The Fisher's exact test implemented in R (fisher.test) was used to determine enrichment of PRR7
targets in different datasets. Functional analysis of PRR7 targets was performed using DAVID
(Huang da et al., 2009). Cycling gene expression was analyzed using PHASER (Michael et al.,

2008). Genes were defined as cycling if the mbpma > 0.8.

Determination of chlorophyll content

Chlorophylls were extracted from the 4-week-old seedlings with 4 seedlings/1 mL of 80%
acetone in the dark (Mackinney, 1941). The chlorophyll contents were then measured using a
spectrophotometer at wavelengths of 645 and 663 nm with 80% acetone as a blank. Chlorophyll
content was calculated as micrograms of chlorophyll per mg of fresh leaves using the following
equation: Chlorophyll a+b (mg gFW™) = (8.02 x Assz + 20.20 X Agss) X (1/W); where W

indicates the fresh weight of seedlings in milligrams.

Stomata conductance measurements

Stomata conductance was measured using an open infrared gas analysis system, LI-COR 6400.
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For all lines, fully expanded, 7-week old rosette leaves were used in a standard single leaf
chamber (chamber area = 6 cm?). An air mixture consisting of 20% O and 80% N, were fed to
the leaves, and the CO- levels were set to 400 ppm in the reference cell. The leaves were
illuminated under a photosynthetic photon flux density (PPFD) of 400 pmol m?2s?. Leaf
temperature was held between 22 to 23 °C, and the dew points within the chamber were kept at
14 °C + 1.0 °C. Before the start of each experiment, the leaves or the plants were acclimated to
the conditions inside the chamber for at least 20 min under 400 pmol m®s of light.

Measurements were carried out between ZT2 and ZT9.

Analysis of circadian rhythms

Ten-day old seedlings growing on MS/0.8% agar/2% sucrose media at 12 h light/12 h dark and
22°C were transferred to a 96-well white plate with ~50ul of the same media. 20 pl of 5 mM
luciferin in 0.01% silwett was added to each seedling. The plate was transferred the next day to
constant light conditions and bioluminescence was detected using a Berthold LB960XS3
luminometer. For the ABA treatment, 30 ul of 25 uM ABA or methanol (diluent control) in

0.01% silwett was added to the seedlings at ZT29.
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SUPPLEMENTARY INFORMATION

Dataset S2.1. PRR7 binding site identification using ChiP-seq (digital file).

Dataset S2.2. PRRY7 target genes identified in other experiments (digital file).

Dataset S2.3. Primers used in this study (digital file).

SUPPLEMENTARY METHODS

Chromatin Immunoprecipitation

15-day-old Arabidopsis seedlings were harvested at ZT 12 and vacuum infiltrated in 0.4 M
sucrose and 1% formaldehyde for 4 x 5 minutes at room temperature. Glycine was added to a
final concentration of 0.133 M and vacuum infiltrated for an additional 5 minutes. The seedlings
were then rinsed 5 times in excess volumes of water, frozen in liquid N2 and ground in liquid N2
to a fine powder. Nuclei were extracted in Extraction Buffer 1 (400 mM sucrose, 10 mM Tris-
HCI, pH 8, 5 mM B-ME, 1 mM PMSF, 1 x protease inhibitor cocktail (Complete Mini, EDTA-
free, Roche, Basel, Switzerland), 5 mM benzamidine) for 5 minutes on ice. The extract was
filtered through miracloth and centrifuged for 20 minutes at 32009 at +4°C. The supernatant was
removed and the pellet was resuspended in 1 ml Extraction Buffer 2 [250 mM sucrose, 10 mM
Tris-Hcl, pH 8, 10 mM MgClz, 1 % Triton-X-100, 5 mM B-ME, 1 mM PMSF, 1 x protease
inhibitor cocktail, 5 mM benzamidine] and subsequently centrifuged at maximum speed in a
microfuge for 10 minutes at +4°C. The supernatant was removed and the pellet was resuspended
in 500 pl Extraction Buffer 3 [1.7 M sucrose, 10 mM Tris-HCI, pH 8, 2 mM MgCl», 0.15 %

Triton-X-100, S mM B-ME, 1 mM PMSF, 1 x protease inhibitor cocktail, 5 mM Benzamidine,
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50 uM MG132] at +4°C. 500 ul Extraction Buffer 3 was added to a clean and empty 1.5 ml tube
and the resuspended pellet was layered on top. The sample was centrifuged for 1 hour at
maximum speed in a microfuge at +4°C. The supernatant was removed and the chromatin-
enriched pellet was resuspended in 500 pl Nuclei Lysis Buffer [50 mM Tris-Hcl, pH 8, 10 mM
EDTA, 1% SDS, 1 mM PMSF, 1 x protease inhibitor cocktail, 5 mM Benzamidine, 50 uM
MG132]. The chromatin solution was sonicated on ice and then centrifuged for 10 minutes at
maximum speed in microfuge at +4°C. The supernatant was transferred to a 0.45 pm filter tube
(Pall, Port Washington, NY, USA) and centrifuged for additional 10 minutes at +4°C. The
filtrate was divided into 150 ul aliquots. The aliquots were stored at -80°C or

immunoprecipitated (see below).

Immunoprecipitation was performed with Dynabeads ProteinG (Invitrogen Dynal AS, Oslo,
Norway). Each sample contained ~120 ug of DNA. Beads were pretreated with anti-HA high
affinity rat IgG monoclonal antibody (clone 3F10, Roche, Basel, Switzerland, 10 pg/ 50 pl
beads), rabbit anti-GFP polyclonal antibody (Ab290, Abcam, Cambridge, MA; 4 ug/ 50ul
beads), or rat 1IgG (mock control, Jackson Immuno Research, West Grove, PA, USA, 10 ug/ 50
ul beads). Chromatin extracts were diluted 1:10 with ChIP Dilution Buffer [16.7 mM Tris-HCI,
pH 8, 1.2 mM EDTA, 167 mM NaCl, 1.1 % Triton-X-100, 1 mM PMSF, 1 x protease inhibitor
cocktail, 5 mM Benzamidine, 50 pM MG132]. 1200 ul of diluted chromatin solution was
immunoprecipitated with anti-HA beads for 2 hours at +4°C under rotation. 120 ul of the
chromatin suspension was used as Input Control. The beads were then washed once with low salt
wash buffer [20 mM Tris-HCI, pH 8, 2 mM EDTA, 150 mM NacCl, 0.5 % Triton-X-100, 0.2 %

SDS], once with high salt wash buffer [20 mM Tris-HCI, pH 8, 2 mM EDTA, 500 mM NacCl, 0.5
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% Triton-X-100, 0.2 % SDS], once with LiCl wash buffer [20 mM Tris-HCI, pH 8, 2 mM
EDTA, 0.25 M LiCl, 1 % NP40, Igepal, 0.5 % Deoxycholate], and twice with TE [50 mM Tris-
HCI, pH8, 10 mM EDTA]. After the wash, the chromatin was eluted twice with 100 pl Elution
Buffer [50 mM Tris-HCI, pH 8, 10 mM EDTA, 1 % SDS], whereas the Input control sample was
diluted 1:2 with Elution Buffer. After incubating at +65°C overnight, the DNA was treated with
Proteinase K (0.2mg/ml, Roche, Basel, Switzerland) for 2 hours at +65°C. The DNA was
purified using the QIAquick PCR Purification kit (Qiagen, Hilden, Germany) and eluted in 50 pl

of the Qiagen EB.

Confirmation of PRR7 binding by ChIP-gPCR

For the confirmation of PRR7 binding to the targets identified in our ChlP-Seq experiments we
used the line 35S::HA-PRR7 #54 (Farre and Kay, 2007). We have carried out ChIP-gPCR
experiments on CCAL and LHY promoters using the prr7 PRR7::HA-PRR7 #151 line and
observed almost identical IP/Input ratios as the ones measured using 35S::HA-PRR7 #54 shown
in Figure S1. For example, using prr7 PRR7::HA-PRR7 the IP/input value for region 6 on the
CCA1 promoter was 0.013 + 0.0085 (average + range, n=2) and for region 3 on the LHY
promoter 0.0048 + 0.00025 (average + range, n=2). These values are very close to the ones
shown on Figure S1 measured using the 35S::HA-PRR7 line. Therefore, we found it acceptable

to use the 35S::HA-PRR7 plants for our validation experiments.

Library preparation for sequencing

For each library, we pooled 5 (Experiment 1) and 12 (Experiment 1) individual

immunoprecipitated DNA and respective input DNA using QIAquick® PCR Purification Kit
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(Qiagen, Hilden, Germany). The pooled DNA-samples were first end-repaired using the End-
It™ DNA End-Repair Kit (Epicentre® Biotechnologies, Madison, W1, USA) according to
manufacturer protocol. The samples were incubated at room temperature for 45 minutes. The
DNA was purified using QIAquick® PCR Purification Kit (Qiagen, Hilden, Germany) and eluted
in 36 wl EB. ATP was added to the 3’ ends using Klenow (3'—5’ exo’) (New England BioLabs,
Ipswich, MA, USA). 34 pl end-repaired DNA was mixed with 5 ul 10 x NEBuffer 2/Klenow
buffer (final conc. 1 x), 10 ul I mM dATP and 1 ul Klenow (3'—5' exo) (5U/ul) and incubated
for 30 minutes at +37°C. The DNA was purified using MinElute® PCR Purification Kit (Qiagen,

Hilden, Germany) and eluted in 13 ul EB.

Adapters were ligated to the DNA with A-overhang using LigaFast™ Rapid DNA Ligation
System (Promega, Madison, WI, USA). For adapter sequences see Dataset S3. 11 ul DNA was
mixed with 15 pl 2 x Rapid Ligation Buffer/DNA ligase buffer, 1 ul Adapter oligo mix (diluted
1:50), 3 ul T4 DNA ligase (3U/ul) and incubated for 15 min at room temperature. The DNA was
purified using MinElute® PCR Purification Kit (Qiagen, Hilden, Germany) and eluted in 25 pl

EB.

The DNA was PCR-amplified using Finnzymes Phusion® Flash High-Fidelity PCR Master Mix
(New England BioLabs, Ipswich, MA, USA) and primers 1.1 and 2.1 (Dataset S2). 23 pl DNA
was mixed with 25 ul 2x master mix Phusion® Flash DNA polymerase and 1.75 pl primer mix

(12.5 uM each) and amplified: 30 seconds at +98°C; 18 cycles of 10 seconds at +98°C, 30

seconds at +65°C and 30 seconds at +72°C; with a final extension of 15 minutes at +72°C.

The amplified DNA was separated using a 2% low melting point agarose gel (Agarose Low Melt

from USB). A band in the range of 150-300 bp was excised with a clean razor blade. The DNA
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was purified using QIAquick® Gel Extraction Kit (Qiagen, Hilden, Germany) and eluted in 50 pl
EB. The DNA size and quality was controlled using the BioAnalyser DNA high sensitivity Kit
(Agilent, Santa Clara, CA, USA) and Fluorometer Qubit (Invitrogen, Carlsbad, CA, USA).
Single end Illumina sequencing-by-synthesis was performed by the Michigan State University

Research Technology Support Facility.

ChlIP-Seq Data Analysis

Sequences were preprocessed using the FASTX toolkit (http://hannonlab.cshl.edu/fastx_toolkit/)
to filter out adapter sequences (fastx_clipper) and low quality reads (fastq_quality_trimmer). The
minimum read length was set at 30 bp and the minimum quality threshold was set at 20. Reads
that failed to meet the above criteria were not analyzed further. The preprocessed reads were
aligned to the Arabidopsis TAIR10 genome using Bowtie (Langmead et al., 2009) with the -m
option to exclude reads that can align more than once to the genome. The rest of the Bowtie
parameters were set to default. SAMtools (Li et al., 2009) was used to visualize the Bowtie
alignments in the Integrative Genomics Viewer (Robinson et al., 2011). To analyze sequences
that successfully aligned to the Arabidopsis genome, QUEST (Valouev et al., 2008) was used to
identify binding sites and determine the false discovery rate (FDR). The type of experiment was
specified as a “transcription factor with defined motif and narrow (punctate) binding site
resulting in regions of enrichment 100-300 bp wide.” The binding site calling parameters were
set to the relaxed option and the peak shift lower threshold was set at 10. The rest of the QUEST

parameters were set to default.

In Experiment I, each immunoprecipitated sample from prr7-3 PRR7::HA-PRR7 and prr7-3

were compared to their respective inputs as negative controls. 685 binding sites were identified
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in prr7-3 PRR7::HA-PRR7 and 143 binding sites in prr7-3 with FDRs of 6.1% and 1.2%,
respectively. We defined common binding sites as those located within 500 bp, and found 11
binding sites in common between the two sets, resulting in 674 sites specific to prr7-3
PRR7::HA-PRR7 (Dataset S1, Figure S7). A comparison of the immunoprecipitated prr7-3
PRR7::HA-PRRY7 to the immunoprecipitated prr7-3 as a negative control resulted in the
identification of 644 sites with an FDR of 45% in Experiment | (Figure S7). Although we did not
use this comparison for downstream studies, both types of analyses led to an almost identical set
of binding sites; a comparison of the 674 sites to the 644 sites resulted in 611 binding sites in
common between the two sets of analyses (Figure S7). Based on this data, we found it sufficient
to compare the immunoprecipitated prr7-3 PRR7::HA-PRR7 to the immunoprecipitated prr7-3
as a negative control for Experiment Il. In Experiment |1, reads were randomly discarded from
the immunoprecipitated prr7-3 PRR7::HA-PRR7 until the total number closely matched the total
number of reads from the immunoprecipitated prr7-3 negative control in order for QUEST to
calculate FDR values. 298 prr7-3 PRR7::HA-PRR7 specific binding sites were identified in

Experiment Il with a 2.7% FDR (Dataset S1).

We observed a higher percentage of putative PRR7 targets upregulated in the prr579 mutant in
Experiment Il than Experiment | (Figure S7b). The percentage of genes displaying cycling gene
expression in Experiment | was closer to the genome-wide percentage than for genes associated
with common binding sites (Figure S7c). Experiment 1 did not display an enrichment of binding
sites in upstream regions close to transcriptional start sites as we observed for Experiment 1l and
the common binding sites (Figure 1, Figure S7 d-e). These observations suggest that a large
number of false positive binding sites are present in Experiment I, and therefore, we took a

conservative approach by further studying sites identified in both Experiments I and I1.
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QUEST generated wig files to visualize binding sites in the Integrative Genomics Viewer
(Robinson et al., 2011). The binding sites determined by QUEST were compared to TAIR10
genes to associate binding sites to putative target genes. Genes were associated to binding sites
located within 1000 bp upstream of the transcriptional start site to 1000 bp downstream of the
transcriptional stop. Multiple peaks associated with one gene or multiple genes associated with
one peak were retained. Common targets from Experiment | and 11, along with the independently
confirmed binding sites, were used for further analysis. To analyze the distribution of binding
sites, we binned their location every 50 bp, up to 1000 bp upstream from the transcriptional start
or 1000 bp downstream from the transcriptional stop. For the binding sites located in the
intragenic region, we determined which intron or exon the binding site was located based on

TAIR10.
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Figure 2.1. Location of PRR7 binding sites and expression patterns of putative PRR7 target
genes. (a) Differences in binding site location between Experiment | and Experiment Il. (b)
PRR7 binding sites location in Experiment Il. These binding sites include sites in common
between Experiment | and Experiment Il and the independently confirmed binding sites. (c)
Percentage of genes that display increased expression levels in the prr579 mutant. (d) Percentage
of genes with an upstream PRR7 binding site that display cycling expression levels. Data is from
(Edwards et al., 2006) for LL (constant light) and from (Blasing et al., 2005) for LD (light/dark).
Cycling gene expression was analyzed using PHASER (Michael et al., 2008). Genes were
defined as cycling if the mbpma (model-based, pattern-matching algorithm) > 0.8. Phase of
cycling expression of genes associated with PRR7 binding sites under light/dark cycles (e) and
under constant light conditions (f), as well as HA-PRR7 protein levels in PRR7::HA-PRR7
expressing seedlings from (Farre and Kay, 2007). E, exon; I, intron; LD, light/dark; LL, constant

light; BS, binding site; US, upstream (-1/-1000 from transcriptional start); DS, downstream
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Figure 2.1. (cont’d)

(+1/+1000 from transcriptional stop); Intr., intragenic. Fisher's exact test: *, p<0.05; **, p<0.001,

**% 10<0,0001.
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Figure 2.2. Analysis of putative PRR7 target genes. (a) Enrichment of selected Gene Ontology
categories in PRR7 target genes. Numbers on the top are p-values for EASE score modified

Fisher's exact test (Huang da et al., 2009). (b) Distribution of PRR7 targets among drought, cold

and abscisic acid regulated genes.
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Figure 2.3. PRR7 directly regulates master regulators of the circadian clock, development
and stress responses. Expression analysis of these PRR7 target genes in wild type (Col-WT),
PRR7 overexpressing line (35S::HA-PRR7) and the prr579 triple mutant. Data are the average +
standard error of 2-3 biological replicates. Expression level was analyzed by RT-gPCR and
normalized to IPP2. (*) Indicate significant differences with the wild type (t-test, p<0.05). IPP2,
ISOPENTENYL PYROPHOSPHATE:DIMETHYLALLYL PYROPHOSPHATE ISOMERASE 2;
PRR9, PSUEDO-RESPONSE REGULATOR 9; PIF5, PHYTOCHROME INTERACTING

FACTOR 5; PIF4, PHYTOCHROME INTERACTING FACTOR 4; CDF2, CYCLING DOF
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Figure 2.3. (cont’d)

FACTOR 2; CDF5, CYCLING DOF FACTOR 5; RVEL, REVEILLE 1; RVE2, REVEILLE 2;
RVE 7, REVEILLE 7; HY5, ELONGATED HYPOCOTYL 5; HYH, HY5-HOMOLOG; AFR,
ATTENUATED FAR-RED RESPONSE; STO, SALT TOLERANCE; STH, SALT TOLERANCE
HOMOLOGUE; CBF1, C-REPEAT/DRE BINDING FACTOR 1; CBF2, C-REPEAT/DRE

BINDING FACTOR 2; CBF3, C-REPEAT/DRE BINDING FACTOR 3.
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Figure 2.4. PRRY target genes are light regulated. (a) Venn diagram showing the overlap of
PRRY7 targets and light regulated genes as defined by Nozue et al. (2011). (b) Enrichment of
known motifs in the upstream regions of PRR7 target genes. (c) Venn diagrams showing the

overlap of PRR7 targets with HY5 (Lee et al., 2007), PIL5 (Oh et al., 2009), and FHY3
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Figure 2.4. (cont’d)

(Ouyang et al., 2011) target genes. ABRE, ABA-responsive Element; CBS, CCA1 binding site;
EE, Evening Element; LBS, LUX binding site; FR, far-red; D, dark. (d) A G-box motif was
identified as the only statistically overrepresented motif in the 100 bp (50 bp on either side)
regions surrounding PRR7 binding sites located upstream of a gene. Regions surrounding the
PRR7 binding location from the common and independently confirmed binding sites were used
as input for MEME analysis. (e) Venn diagrams showing the overlap of PRR7 targets with PRR5

(Nakamichi et al., 2012) and TOC1 target genes (Huang et al., 2012). (*), Fisher's exact test,

p<0.0001.
(a) - Col-WT-ABA -4 prr975 -ABA 35S:HAPRR7 -ABA
© Col-WT+ABA = prr975 +ABA 35S:HAPRR7 +ABA
30
& 204
a
= i
< 101 A
=33 3
01— . — . .
24 36 48 24 36 48
(b) TimeinLL (h) TimeinLL (h)
1.0
0.8 1
N
a 0.6
()
02 ..
&
001~ . L == A
24 36 48 24 36 48
Timein LL (h) TimeinLL (h)

Figure 2.5. PRR7 modulates ABA regulated gene expression. Expression analysis of ABA
regulated PRR7 target genes in wild type (Col-WT), PRR7 overexpressing line (35S::HA-PRR7)
and the prr579 triple mutant in the presence of ABA. Seedlings were treated with 10 uM ABA at
ZT0. Data are the average + standard error of 2-3 biological replicates. Expression level was

analyzed by RT-gPCR and normalized to IPP2.
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Figure 2.6. PRR7 affects leaf stomata conductance. (a) Stomata conductance of 7-week old
plants. Data represents the average + standard error of 4-6 plants. (b) Rates of water-loss of
detached rosettes. Plants were treated with either 10 uM ABA in water (+) or water with
methanol (-) as control at ZT1. Three hours later at ZT4.5 rosettes were detached and the weight
loss was measured over a 2 h period. Data represents the mean + standard error of five rosettes

per genotype and treatment. Both experiments were performed twice with similar results.
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Expression level was analyzed by RT-gPCR and normalized to IPP2.
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Figure 2.8. PRRY directly regulates ferritin gene expression. RNA levels of FER1 (a), FER3
(b) and FER4 (c) in wild type (Col-WT), PRR7 overexpressing line (35S::HA-PRR7) and the
prr579 triple mutant. Data are the average + standard error of 2-3 biological replicates.

Expression level was analyzed by RT-gPCR and normalized to IPP2.
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Figure 2.9. PRR7 affects sensitivity to iron excess. Seedlings were grown for three weeks in
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Figure S2.1. ChlP-Seq confirms the binding of PRR7 to the promoters of CCA1 and LHY.
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Figure S2.1. (cont’d)

Mapped ChIP-Seq reads in Experiment Il in the (a) CCAl and (b) LHY promoter regions and
their respective gene structures in prr7-3 PRR7::HA-PRR7 and prr7-3 immunoprecipitated
samples. Numbers in brackets on the left-hand side indicate the scale shown. Analysis of the
association of PRR7 to specific regions in the (¢) CCALl and (d) LHY promoters by ChIP-gPCR
using 35S::HA-PRRY7 lines. Data are the average of 3-7 biological replicates + standard error. (e)
and (f) show the analysis of PRR7 binding to other putative targets identified by ChIP-Seq using
ChIP-gPCR with the 35S::HA-PRR7 #54 line. Data represents the average + standard error of
three biological replicates. The enrichments in HA-PRR7 samples were significantly different
from the wild type in (e) (Student's t-test, p<0.05) but not in (f). The ACT2 intron was used as a
control. Also indicated are the ChIP-Seq experiments from which the binding sites were initially

identified.
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Figure S2.2. Expression of putative genes associated with PRR7 binding sites in wild type

(Col-WT), PRR7 overexpressor (PRR70x, 35S::HA-PRR7 #54) and the prr579 triple
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Figure S2.2. (cont’d)

mutant. (a-h) Analysis of pairs of genes associated with one binding site for which the binding
site is located upstream (US, -1/-1000 from transcriptional start) of one of the genes and one
downstream (DS, +1/+1000 from transcriptional stop) of the other one. (i-k) Analysis of pairs of
genes associated with one binding site for which the binding site is located upstream (US, -1/-
1000 from transcriptional start) of both genes. The number in the top right corner of each panel
represents the PRR7 binding site location (the average of both ChIP-Seq experiments or in case
of (k), the location in Experiment I1). (I-q) Expression of genes with a PRR7 binding site in their
US region (I, m, o, p, q) or 5’'UTR region (n). Binding site rank number in Experiment Il for the
sites analyzed as reported in Dataset S2.1: (a) R-2; (b) R-25; (b) R-31; (d) R-42; (e) R-44; (f) R-
315; (g) R-110; (h) R-383; (i) R-47; (j) R-5; (k) R-319. The data are the average of 2-3 biological
replicates + standard error. Expression level was analyzed by RT-qPCR and normalized to IPP2.
(*) Indicate significant differences with the wild type (t-test, p<0.05). The diagrams indicate the
relative position of the binding sites (PRR7-BS) with respect to transcriptional start sites of

associated genes.
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Figure S2.3. Motifs significantly enriched at the common and independently confirmed

PRR7 binding sites located upstream of a gene. (a) Regions of 200 bp (100 bp on either side)

and (b) 500 bp (250 bp on either side) surrounding the PRR7 binding sites were used as input

into MEME. Numbers on top of the logos are the E-values for each of the different motifs
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Figure S2.4. TOC1 RNA levels in the presence or absence of exogenous ABA. Seedlings
were treated with 10 uM ABA at ZT0. Data are the average * standard error of 3 biological

replicates. Expression level was analyzed by RT-gPCR and normalized to IPP2.

(@) (b)
5 7
6.
44
o N 54
e 3 & 4l
= = 4
< > 3
21 T
8 e~ 2.
y e ]
0 0 ]
WT prr79 1 2 3 4 WT prr79 1 2 3 4
prr7,9 amiR CCA1 LHY prr7,9 amiR CCA1 LHY

Figure S2.5. CCAl (a) and LHY (b) expression level in prr7,9 amiR CCA1l LHY lines.
Seedlings were harvested at ZTO and expression level was analyzed by RT-gPCR and

normalized to IPP2. Data are the average + standard error of 3 biological replicates.
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Figure S2.6. Translatome data for (a) TOC1, (b) PRR5, (c) PRR7 and (d) PRR9. Data are
derived from microarray studies of RNA bound to polysomes (http://efp.ucr.edu) (Mustroph et
al., 2009). Analysis is based on co-immunoprecipitation with tagged ribosomes expressed under
the control of different cell specific promoters: pGL.2 for trichomes, pCER5 for epidermis,
pRBCS for mesophyll, pSULTR2.2 for bundle sheath, pSUC2 for companion cells and pKAT1
for guard cells. The colors refer to expression levels, with yellow indicating low levels of
expression and red corresponding to high levels of expression. Data are from plants grown under
16 h light/8 h dark photoperiods, and harvested at ZT18 after 2 h of low light (Mustroph et al.,

2009).
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Figure S2.7. Schematic representation of sample comparisons for binding site identification

using QUEST and analysis of target genes identified in Experiment | and/or Experiment I1.
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Figure S2.7. (cont’d)

(a) Schematic representation of samples compared for binding site identification in Experiment |
and Experiment Il using QUEST. Numbers indicate number of binding sites. Bold labels indicate
samples that were used as controls for QUEST analysis. Lines and numbers in gray are
comparisons that were not used for further studies. (b) Percentage of genes that display increased
expression levels in the prr579 mutant at ZT12 based on microarray analysis from reference
(Nakamichi et al., 2009). (c) Percentage of genes that display cycling expression levels. Data is
from (Edwards et al., 2006) for LL (constant light) and (Blasing et al., 2005) for LD (light/dark).
Cycling gene expression was analyzed using PHASER (Michael et al., 2008). Genes were
defined as cycling if the mbpma > 0.8. (d) PRR7 binding site location in Experiment I. (e) PRR7
binding site location in Experiment Il. FDR, false discovery rate; E, exon; I, intron; Genome, all
genes; Exp. I, genes associated with binding sites identified in Experiment I; Exp. Il, genes
associated with binding sites identified in Experiment 1I; Common, genes identified in both
experiments in addition to genes identified in only one experiment but confirmed by ChIP-qPCR.

Fisher's-exact test: **, p<0.001; ***, p<0.0001.
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CHAPTER 3

A G-box-like motif is necessary for transcriptional regulation by circadian pseudo-response

regulators in Arabidopsis

The work presented in this chapter has been published:
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ABSTRACT

PSEUDO-RESPONSE REGULATORs (PRRs) play overlapping and distinct roles in
maintaining circadian rhythms and regulating diverse biological processes, including the
photoperiodic control of flowering, growth, and abiotic stress responses. PRRs act as
transcriptional repressors and associate with chromatin via their conserved C-terminal CCT
(CONSTANS, CONSTANS-like, and TIMING OF CAB EXPRESSION 1 (TOC1/PRR1))
domains by a still poorly understood mechanism. Here we identified genome-wide targets of
PRR9 using chromatin immunoprecipitation followed by high-throughput sequencing (ChlP-seq)
and compared them with PRR7, PRR5, and TOC1/PRR1 ChIP-seq data. We found that PRR
binding sites are located within genomic regions of low nucleosome occupancy and high DNase
| hypersensitivity. Moreover, conserved noncoding regions among Brassicaceae species are
enriched around PRR binding sites, indicating that PRRs associate with functionally relevant cis-
regulatory regions. The PRRs shared a significant number of binding regions and our results
indicate that they coordinately restrict the expression of target genes to around dawn. A G-box-
like motif was overrepresented at PRR binding regions and we showed that this motif is
necessary for mediating transcriptional regulation of CCAL and PRR9 by the PRRs. Our results
further our understanding of how PRRs target specific promoters and provides an extensive

resource for studying circadian regulatory networks in plants.

INTRODUCTION

Eukaryotic circadian clocks consist of complex transcriptional-translational regulatory networks
that sustain rhythms with a period length of ~24 hours (Bell-Pedersen et al., 2005). This

biochemical oscillator confers a fitness advantage by enabling organisms to anticipate daily and
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seasonal changes in the environment (Woelfle et al., 2004; Dodd et al., 2005; Yerushalmi and
Green, 2009; Yerushalmi et al., 2011). PSEUDO-RESPONSE REGULATORS (PRRs) are key
components of green alga and plant circadian networks (Farre and Liu, 2013). These proteins are
characterized by sharing a conserved N-terminal pseudo-receiver domain and C-terminal CCT
(CONSTANS, CONSTANS-like, and TIMING OF CAB EXPRESSION 1 (TOC1/PRR1))
domain. The protein levels of the five PRRs in Arabidopsis thaliana peak sequentially
throughout the day, starting with PRR9 3-4 h after dawn, followed by PRR7, PRR5 and PRR3,
and TOC1/PRR1 peaking 1-3 h after dusk (Fujiwara et al., 2008). PRR9, PRR7, PRR5, and
TOCL1 have been shown to act as transcriptional repressors and associate with chromatin via their
CCT domains by a still poorly understood mechanism (Nakamichi et al., 2010; Gendron et al.,

2012; Nakamichi et al., 2012).

Within the Arabidopsis circadian clock, PRRs are involved in several transcriptional-
translational feedback loops. PRR9, PRR7, PRR5, and TOC1 repress clock components
CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY),
both of which are expressed at dawn (Nakamichi et al., 2010; Gendron et al., 2012). In turn,
CCALl and LHY activate the expression of PRR9 and PRR7, as well as repress the expression of
TOC1 and probably PRR5 (Farre et al., 2005; Nagel et al., 2015). REVEILLE 8 (RVES), which
belongs to a subfamily of MY B-domain-containing transcription factors that includes CCA1 and
LHY, acts as an activator for TOC1 and PRR5 (Farinas and Mas, 2011; Rawat et al., 2011; Hsu
et al., 2013). In addition, a protein complex consisting of LUX ARRHYTHMO, EARLY
FLOWERING 4 (ELF4) and ELF3 transcriptionally represses PRR9 and PRR7 during the night

period (Dixon et al., 2011; Helfer et al., 2011; Herrero et al., 2012; Mizuno et al., 2014).
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Mutant analyses have shown that PRRs play overlapping and distinct functions in maintaining
circadian rhythms and regulating diverse biological processes (Farre and Liu, 2013). The
identification of PRR7, PRR5, and TOC1 binding regions using chromatin immunoprecipitation
followed by high-throughput sequencing (ChlP-seq) have shown that these proteins are involved
in the direct regulation of growth, abiotic stress responses, and the photoperiodic control of
flowering (Huang et al., 2012; Nakamichi et al., 2012; Liu et al., 2013). In order to further
understand the role of PRRs in regulating gene expression, we identified PRR9 putative target
genes using ChIP-seq and performed a comprehensive analysis of PRR bound regions. We
observed that PRRs share a large number of binding sites and associate with conserved cis-
regulatory regions in open chromatin. We also showed that a G-box related motif enriched in
PRR binding regions is necessary for transcriptional regulation by the PRRs. Since so far there is
no evidence that PRRs are able to bind directly to G-box motifs, these results suggest that PRRs

associate with other transcription factors to regulate gene expression.

RESULTS

Genome-wide identification of PRR9 binding regions

In order to dissect the contribution of each PRR in regulating transcription, we generated a PRR9
ChlP-seq dataset to compare with available ChIP-seq data for PRR7, PRR5, and TOC1 (Huang
et al., 2012; Nakamichi et al., 2012; Liu et al., 2013). The complemented line prr9-1 PRR9::HA-
PRR9 CCR2::LUC (Figure S3.1A, Figure S3.1B) was grown in cycling 12 h light/12 h dark for
two weeks and harvested four hours after dawn (Zeitgeber, ZT4), the time at which PRR9

protein levels peak (Fujiwara et al., 2008). Three independent PRR9 ChIP experiments were
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pooled for sequencing and their quality was confirmed by quantitative PCR, showing an
enrichment of PRR9 binding at the CCA1 promoter (Figure S3.1C) (Nakamichi et al., 2010). We
identified 150 PRR9 binding regions using the MACS2 algorithm (Zhang et al., 2008),
associated each binding region with the nearest transcriptional start site, and defined these genes
as putative targets. PRR9 putative targets included CCA1 and LHY, known to be regulated by
PRR9 (Nakamichi et al., 2010). Approximately 34% of PRR9 putative targets were differentially
expressed in the prr5prr7prr9 (prr579) triple mutant compared to wild type (Dataset S3.1)
(Nakamichi et al., 2009) and all 45 differentially expressed genes, with the exception of one,
displayed elevated RNA levels in prr579 (Fisher’s exact test, p-value < 0.0001). These findings
are consistent with PRR9 functioning as a transcriptional repressor (Dataset S3.1). In addition,
approximately 77% of PRR9 putative target genes cycle under constant light conditions (Figure
3.1A) and ~72% of these cycling genes exhibit peak expression around dawn, similar to what has
been observed for the putative targets of PRR7, PRR5, and TOC1 (Figure 3.1B) (Huang et al.,

2012; Nakamichi et al., 2012; Liu et al., 2013).

PRRs bind to the same DNA regions to regulate common target genes

To compare the binding regions of different PRRs, raw data from PRR7, PRR5, and TOC1
ChlP-seq experiments (Huang et al., 2012; Nakamichi et al., 2012; Liu et al., 2013) were
uniformly processed in parallel to PRR9. Between 37-52% of PRR binding summits were
located within 500 bp of transcriptional start sites (Figure S3.2A-D). Most PRR9 (86%), PRR7
(80.7%), and to a lesser degree PRR5 (61%) binding summits were located upstream, whereas a
large number of TOC1 (30.4%) binding summits were located in the first exon (Figure S3.2E-H).

We then asked whether the PRRs bind to the same regions of DNA. To determine shared binding
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events, we performed pairwise analyses of the proximity between PRR binding regions using
IntervalStats (Chikina and Troyanskaya, 2012). Focusing on the top ranked 150 binding regions
for each of the PRRs, we observed that PRR9, PRR7, and PRR5 have the most binding events in
common (p-value < 0.05) (Figure 3.2A). TOC1 was more distinct and shared fewer binding
events with each of the other PRRs (Figure 3.2A). This difference might be due to the
preferential association of TOC1 to exonic regions (Figure S3.2H). We also calculated the
distance between binding summits of PRRs with shared target genes. The median distance
between binding summits in each of the PRR pairwise comparisons ranged from 23 — 53 bp
(Figure 3.2B). To compare these values with values for proteins that bind to the same cis-
regulatory regions, we analyzed the positions of mouse BMAL1 (Brain and Muscle ARNT-like
1) and CLOCK (Circadian Locomotor Output Cycles Kaput) binding summits determined by
ChlIP-seq. These clock components are bHLH transcription factors that form heterodimers to
regulate gene expression by associating with the same cis-regulatory element (Ko and Takahashi,
2006; Hatanaka et al., 2010; Yoshitane et al., 2014) (Figure 3.2B). The median distance between
BMALL1 and CLOCK binding summits is 23 bp, which is comparable to the values calculated for
the PRR pairwise comparisons, particularly PRR9-PRR7 (28 bp) and PRR7-PRR5 (23 bp).
Taken together, our results indicate that PRRs associate with the same regions of DNA to

regulate shared target genes.

Although only 27 putative target genes were shared among all four PRRs, a larger percentage of
genes were shared among three or two PRRs (Figure 3.3A). For example, 75% of PRR9 putative
target genes were in common with PRR7 and PRR5, and of these genes, 38.4% were upregulated

in prr579 (Dataset S3.2). Moreover, pairwise comparisons showed that 95.4% of PRR7 and
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89.8% of TOCL1 putative target genes were in common with PRR5 (Dataset S3.2). Among all
four PRRs, common enriched biological process gene ontology (GO) terms were related to
flowering and responses to various abiotic stresses (Figure S3.3.3A, Dataset S3.3). The PRRs
were also significantly enriched for molecular function GO terms associated with DNA binding
and transcription factor activity (Figure S3.3.3B, Dataset S3.3), reflecting the role of PRRs in

orchestrating rhythmic transcription.

The prr579 triple mutant is arrhythmic, late flowering, resistant to cold and drought, and has a
long hypocotyl (Nakamichi et al., 2007; Nakamichi et al., 2009; Niwa et al., 2009). Accordingly,
we found that PRR9, PRR7, and PRR5 were bound to regions upstream of CYCLING DOF
FACTOR 2 (CDF2), which encodes a repressor of CONSTANS (Fornara et al., 2009), a key
component in the photoperiodic control of flowering. We also found these PRRs associated with
multiple sites in the CBF (C-REPEAT/DRE BINDING) regulon (Figure 3.3B) and to the
promoter of a gene involved in abscisic acid (ABA) biosynthesis ABA DEFICIENT 1 (ABAL).
Moreover, master regulators of growth and development, such as ELONGATED HYPOCOTYL 5
(HY5), HY5 HOMOLOG (HYH), PHYTOCHROME INTERACTING FACTOR 4 (PIF4), and

PIF5 were also targets of multiple PRRs (Dataset S3.1).

Our results demonstrate a tight interconnected network between members of several families of
circadian clock related genes, such as the PRRs, CCAL/LHY/RVEs, and LNKs (NIGHT LIGHT-
INDUCIBLE AND CLOCK-REGULATED). All four PRRs associated with the promoters of
CCALl and LHY, along with the promoters of at least two other PRRs (Dataset S3.1). Due to the

presence of a small open reading frame in the PRR9 promoter (AT2G46787), PRR9 was not
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initially identified as a PRR target in the ChIP-seq datasets, but its RNA level is reduced in PRR
overexpressing lines (Makino et al., 2002; Sato et al., 2002; Liu et al., 2013). We found that
PRR9, PRR7, and PRR5 were also bound within 500 bp of the transcriptional start sites of RVES,
RVE1, RVE2/EPR1 (EARLY-PHYTOCHROME-RESPONSIVE 1), and RVE7. The expression of
RVES8, RVE1, and RVE7 is upregulated in prr579 and the expression of RVE2 is repressed in a
PRR7 overexpressing line (Rawat et al., 2011; Liu et al., 2013), indicating that the association is
functional. In turn, it has been shown that CCA1/LHY/RVE transcription factors regulate the
expression of several PRRs (Figure 3.3C) (Alabadi et al., 2001; Farre et al., 2005; Rawat et al.,
2011; Hsu et al., 2013). Finally, we observed PRR9 and other PRRs at the promoters of various
LNK genes. LNK proteins associate with CCA1/LHY/RVE to regulate gene expression (Xie et
al., 2014). For example, LNK1 and LNK?2 are necessary for RVES activation of PRR5 (Xie et al.,
2014). The expression of all four LNK genes is upregulated in the prr579 mutant (Dataset S3.1)
(Nakamichi et al., 2010) and the RNA levels of LNK1 and LNK2 are elevated in tocl mutants
(Rugnone et al., 2013). These results indicate strong reciprocal regulation among families of

transcription regulators involved in circadian control.

PRRs associate with conserved cis-regulatory regions

It is unknown whether PRRs bind to cis-regulatory regions to influence gene expression. The
positions of active cis-regulatory sites correlate with sections of open chromatin and low
nucleosome occupancy in plants and animals (Bell et al., 2011). To investigate whether the PRRs
associate with regulatory sites, we examined the chromatin landscape of PRR binding regions.
We first quantified nucleosome occupancy around PRR binding summits using MNase-seq

(micrococcal nuclease digestion combined with sequencing) data on plants harvested at ZT4 (Liu
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et al., 2015). Our analyses revealed that PRR binding summits coincide with regions of low
nucleosome occupancy compared to background (Figure 3.4A). In addition, open chromatin is
susceptible to DNase | cleavage, and DNase | hypersensitive sites (DHSs) also correlate with
transcription factor bound DNA in eukaryotes, including plants (Bell et al., 2011; Jiang, 2015).
Analysis of recently published DHS data on seedlings grown in light/dark cycles (Sullivan et al.,
2014) showed that PRR binding summits are located within DHSs, further establishing that

PRRs bind to regulatory regions of DNA (Figure 3.4B).

PRRs are conserved among plants (Farre and Liu, 2013) and many orthologous genes in
angiosperms exhibit similar diurnal and circadian gene expression patterns (Filichkin et al.,
2011). Therefore, we hypothesized that functionally relevant PRR binding regions would display
a high degree of conservation. We examined publicly available data on conserved noncoding
sequences (CNSs) among nine Brassicaceae species and compared regions surrounding the PRR
binding summits to the same coordinates of randomly selected genes (Haudry et al., 2013).
Conserved noncoding sequences are enriched around PRR binding summits (Figure 3.4C),

further supporting that PRRs associate with regulatory regions of DNA.

G-boxes are necessary for transcriptional regulation by PRRs

Uncovering the cis-regulatory elements (CRES) necessary for PRR association to DNA will
provide insight on how PRRs directly target genes to regulate their expression. We identified
CREs de novo using MEME (Machanick and Bailey, 2011) by analyzing binding regions located
upstream of transcriptional start sites. As previously observed for PRR7, PRR5, and TOC1

(Huang et al., 2012; Nakamichi et al., 2012; Liu et al., 2013), a G-box (CACGTG) related motif
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was also the most enriched element found at PRR9 binding regions (Figure 3.5A). To determine
the similarity between each of the G-box motifs, a distance measure of 1-PCC (Pearson
Correlation Coefficient) was calculated for each pair of PRR associated motifs. We found that
the motifs identified for each of the PRRs were significantly more similar to each other than

randomly expected (Figure 3.3C).

We observed a statistically significant enrichment of G-box-like elements at PRR binding
regions located upstream of transcriptional start sites. However, a large percentage of TOC1
binding regions are located in exons (Figure S3.2). When we performed motif enrichment
analyses using TOC1 binding regions located within genes, we did not identify any
overrepresented motifs. Therefore, we hypothesize that TOC1 binding within genes may
represent a different mechanism of regulation as opposed to the mechanism mediated by G-box-

like elements located in the upstream regions.

To investigate the role of G-boxes in mediating transcriptional regulation by PRRs, we focused
on the promoters of PRR9 and CCAL, which were bound by all four PRRs (Figure 3.5B, C). In
Arabidopsis, the PRR9 promoter contains two G-box motifs (-286, -214), whereas the CCAl
promoter contains one G-box motif (-296). These sequences are located within DHSs and the
CCA1 G-box is located within a CNS (Figure 3.5B, C). The G-boxes in the PRR9 and CCAl
promoters, along with other circadian associated motifs, are conserved across different

Brassicaceae species (Figure S3.4).
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We used CCA1 and PRR9 promoter fragments driving a luciferase reporter gene in Arabidopsis
protoplasts to investigate the role of G-boxes in vivo. A short fragment of the PRR9 promoter (-
287/-1 bp) was sufficient to mediate repression by full length PRR7 (Dataset S3.6A, B). This
activity was reduced when the G-boxes were mutated. In order to provide further evidence that
PRR7 directly regulates gene expression, we used the PRR7-CCT domain fused to the herpes
simplex viral protein 16 (VP16) trans-activation domain in our transfection assays. The CCT
domain by itself cannot mediate transcriptional repression but can be converted to an activator
when fused to the VP16 domain (Nakamichi et al., 2012). Therefore, if the transcriptional
regulation by the PRRs is direct, we expect to see opposite activities between the full length
protein (repression) and the CCT-VP16 fusion protein (activation). Accordingly, the PRR7-CCT
domain fused to the VP16 trans-activation domain led to transcriptional activation in a G-box
dependent manner (Dataset S3.6C), indicating that this effect may be direct. The PRR9 G-box
located at the -286 position appeared to mediate most of the activity, since the absence of this
motif in the -279/-1 fragment caused the same loss of activity as mutations in both G-boxes
(Dataset S3.6C). Notably, this G-box is conserved in the promoter of a putative PRR9 ortholog
that displays a morning phase of expression in the distantly related Carica papaya (Figure
S3.4A) (Zdepski et al., 2008). Moreover, a -337/-1 fragment of the CCA1 promoter (Dataset
S3.6D) was also sufficient to mediate activation by PRR7-CCT-VP16 and PRR9-CCT-VP16 in a

G-box dependent manner (Dataset S3.6E, F).

We also analyzed plants expressing PRR9 promoter reporter constructs harboring wild type or

mutated G-boxes. The -287/-1 constructs retained strong rhythmicity under constant light with a

phase slightly later than a longer PRR9 promoter construct (-1108/+225) that includes the 5'
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UTR (Para et al., 2007) (Dataset S3.6G). The absence of G-boxes in the context of the -287/-1
fragment led to a slight delay in phase, a higher expression level during the end of the day under
light/dark cycles, and overall higher expression under constant light conditions (Dataset S3.6G,
F). These results indicate that these G-boxes mediate the association of a transcriptional

repressor during the end of the day.

DISCUSSION

We performed a comprehensive analysis of PRR binding regions showing that the PRRs share a
large number of target genes. Our findings provide an explanation of their partially redundant
functions in regulating the circadian clock, growth, development, and responses to abiotic
stimuli. Most PRR binding regions are shared by at least two PRRs, which could explain the
similarity between the overall phase distributions among the target genes of different PRRs
(Figure 3.3A) (Huang et al., 2012; Nakamichi et al., 2012; Liu et al., 2013). As recently reported
for CCA1 (Nagel et al., 2015), we also found non-cycling genes among PRR targets. This could
be due to differences in the phase of expression in different tissues or masking of transcriptional
regulation caused by changes in RNA stability (Gutierrez et al., 2002; Endo et al., 2014).
However, it may also reflect a broader role of clock components as modulators of signaling
processes. For example, one of the genes bound by PRR9, PRR7, and PRR5 is ELIP1 (EARLY
LIGHT INDUCED PROTEIN 1), which is upregulated in the prr579 mutant, but does not cycle
in constant light (Edwards et al., 2006; Nakamichi et al., 2010). ELIP1 is also directly regulated
by CCAL1 (Nagel et al., 2015) and the Evening Complex, which is composed of LUX, ELF4, and
ELF3 (Takeuchi et al., 2014). In addition, ELIP1 RNA levels cycle under light/dark conditions

and are induced by visible (Harari-Steinberg et al., 2001) and UV-B light (Takeuchi et al., 2014).

102



Thus, in some cases, regulation by clock components may be restricted to provide a gated

response to light signals.

Our results show that there is a tight regulatory network among PRR, CCAL/RVE and LNK
protein families. The PRRs are conserved among the green lineage and a single feedback loop
between a PRR and a CCA1l-like gene forms the basis of the clock in the green algae,
Ostreococcus tauri (Corellou et al., 2009). The PRR and CCA1 families of transcription
regulators have expanded in Angiosperms (Takata et al., 2009; Takata et al., 2010) and some of
these genes have retained their function as circadian clock components, such as the PRRs,
CCALl, LHY, RVES, RVE4, and RVEG6 (Hsu and Harmer, 2014). However, others have lost their
role in the regulation of circadian rhythms, such as RVE1, which has been shown to regulate
auxin biosynthesis (Rawat et al.,, 2011). The recently characterized LNK proteins act as
transcriptional co-regulators with RVE8 and possibly CCA1 and LHY (Rugnone et al., 2013;
Xie et al., 2014). We observed several PRRs bound to the promoters of CCA1/LHY/RVE and
LNK genes (Dataset S3.1). In turn, CCA1 has been found to associate with promoter regions of
several PRRs, LNK3, RVE1, RVE2, RVE7, LHY, and its own promoter (Nagel et al., 2015). These
results show that transcriptional regulation has been maintained during the expansion of these
gene families in spite of some functional divergence. Moreover, they confirm our observation
that genes tend to maintain cyclic regulation after duplication (Panchy et al., 2014) and

emphasize the importance of cyclic expression for gene function.

We observed that the PRRs were bound to conserved regions in open chromatin, indicating that

they associate with specific regulatory sites. Our results also suggest that PRRs are able to bind
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to the same cis-regulatory regions and therefore, might compete for certain binding sites.
Differences in time and tissue-specific expression could reduce the direct competition for
binding at the cellular level between the PRRs. Some differences in tissue-specific expression of
the PRRs have been reported (Para et al., 2007; Endo et al., 2014) but the implications for the
regulation of target gene expression are not well understood. PRR binding to target promoters
appear to correlate with protein abundance (Nakamichi et al., 2010; Huang et al., 2012).
However, the lack of correlation between PRR5 and PRR7 protein abundance and their binding
to the CCAL and LHY promoters at certain times of day (Nakamichi et al., 2010) indicate that

other factors might influence PRR association to DNA.

The mechanism by which PRRs associate with target promoters is poorly understood. It has been
shown that the C-terminal CCT domain is necessary and sufficient for PRR association to DNA
(Gendron et al., 2012; Nakamichi et al., 2012). CCT domains share homology with the DNA
binding domain of HEME ACTIVATOR PROTEIN 2 (HAP2) (Wenkel et al., 2006). HAP2 is
able to bind DNA when forming a complex with other HAP proteins in yeast (Olesen et al.,
1987; Forsburg and Guarente, 1988) and the CCT domain containing protein CONSTANS binds
HAP proteins in Arabidopsis (Wenkel et al., 2006). The interaction of PRRs with HAP proteins
remains to be studied. It has been shown that the CCT domains of TOC1, PRR5, PRR7, and
PRRO are able to bind a region within the CCAL gene in vitro (Gendron et al., 2012). However,
we showed that a different region located in the CCA1 promoter is sufficient to maintain cyclic
expression and regulation by PRRs in vivo. It is possible that tethering or co-binding of the PRRs
with other transcription factors might be sufficient for transcriptional activity at specific

promoters.
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G-box-containing elements are enriched among PRR target genes and we showed that these
elements are necessary to mediate PRR transcriptional regulation of PRR9 and CCAL promoters.
PRRs share a significant number of target genes with G-box binding factors, including HY5 and
PIF1, and both PRR7 and PRR5 share binding regions with PIF4 and PIF5 (Liu et al., 2013;
Heyndrickx et al., 2014). In addition, PRRs have been shown to interact with some G-box
binding proteins, such as TOC1 with PIF7 (Kidokoro et al., 2009). However, not all PRR binding
regions contain G-box-like motifs (Figure 3.5A). In a similar manner, a recent study of
Arabidopsis transcription factors showed that single motifs are rarely present in more than half of
transcription factor binding regions determined by ChIP-seq (Heyndrickx et al., 2014). This
study also showed that some PRR5 and PRR7 binding regions contain FHY3 (FAR RED
ELONGATED HYPOCOTYLS 3) and FAR1 (FAR RED-IMPAIRED RESPONSE) binding
sites, in agreement with significant overlaps in PRR5 and PRR7 with FHY3 target genes
(Heyndrickx et al., 2014). Future analyses of PRR interactions with other transcription factors
will aid in understanding the role of different cis-regulatory sites for determining promoter

specificity.

MATERIALS AND METHODS

Generation of prr9-1 PRR9::HA-PRRO lines

The construct pPENTR HA-PRR9 containing the PRR9 coding sequence was used to introduce
HA-PRR9 into pMDC32 (Curtis and Grossniklaus, 2003) via Gateway technology. The primers
5'-caccatgtacccatacgatgttccagattacgctatgggggagattgtggttt-3' and 5'-tgattttgtagacgcgtctga-3' were

used to amplify the PRR9 coding region and introduce an HA-tag at the amino-terminus of
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PRR9. The PRR9 promoter/5UTR (-1332/+225) was amplified using the primers 5'-
cactcctgcaggtcaaccaagaatcegttca-3' and 5'-catcggtaccagactcagacctcaaaaca-3' and cloned into the
pCRBIlunt Il and pMDC32 HA-PRR9 vector using Sse83871 and BamHI to exchange the 35S
promoter. The final PRR9::HA-PRR9 construct was used to transform prr9-1 CCR2::LUC (prr9)
(Farre et al., 2005). Circadian rhythms were monitored as described previously (Liu et al., 2013)
and analyzed using FFT-NLLS implemented in BRASS
(http://millar.bio.ed.ac.uk/Downloads.html)(Plautz et al., 1997). Three independent lines that
displayed similar RNA levels to wild type were selected (Figure S3.1A). Gene expression was
determined as described previously (Liu et al., 2013). The line PRR9::HA-PRR9 #109 (HA9)
complemented the long period phenotype of prr9 under constant light (Figure S3.1B) and was

chosen for further studies.

Chromatin immunoprecipitation, library preparation, and sequencing

Plants were grown on MS medium with 0.8% agar and 2% sucrose under cycling 12 h light (70
pumol m?2 st white light)/12 h dark at 22°C for two weeks before harvesting at four hours after
the onset of light. ChIPs were performed on the complemented HA9 line and prr9 parental
control as described earlier (Liu et al., 2013). We pooled three independent ChIPs and confirmed
their quality via gPCR of DNA from the immunoprecipitated (IP) fraction normalized to the
input control using previously described primers to check the CCA1 promoter (Figure S3.1C)
(Liu et al., 2013). The Research Technology Sequencing Facility at Michigan State University
prepared the libraries using the ThruPLEX-FD Prep Kit (Rubicon Genomics) following the
manufacturer’s protocol for multiplexing. The DNA size and quality was checked using the

BioAnalyser DNA high sensitivity kit (Agilent, Santa Clara, CA, USA) and Fluorometer Qubit
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(Invitrogen, Carlsbad, CA, USA). DNA sequencing of 50 bp, single-end reads with the Illumina

Hi-Seq 2500 yielded a depth of coverage of 4.8 for the HA9 input and 9.5 for the HA9 IP.

ChlP-seq data analysis

The NCBI SRA Toolkit (www.ncbi.nlm.nih.gov/Traces/sra/sra.cgi?view=software) was used to
convert PRR5 and TOC1 ChlP-seq data acquired from the NCBI Gene Expression Omnibus to
fastq format. ChlP-seq data for PRR9 and PRR7 were generated in our lab and were already in
fastq format. All sequences were preprocessed using the fastx_quality _trimmer from the FASTX
toolkit (http://hannonlab.cshl.edu/fastx_toolkit/) with a quality score threshold of 20 (-t 20) and a
minimum length of 30 nucleotides (-1 30). Quality filtered reads were aligned to the Arabidopsis
TAIR10 genome using Bowtie with the option of suppressing all alignments for reads with more
than 1 reportable alignment (-m 1) (Langmead et al., 2009). Alignments were visualized using
Samtools (Li et al., 2009) and the Integrative Genomics Viewer (Robinson et al., 2011). MACS2
(Zhang et al., 2008) was used to identify binding regions with the broad peak calling parameter (-
broad). In each experiment, the immunoprecipitated (IP) sample was compared to their
respective input as the negative control, except for the PRR7 ChIP-seq experiment, in which the
prr7-3 PRR7::HA-PRR7 IP was compared to the prr7-3 IP as the negative control.
ChlPpeakAnno (zZhu et al., 2010) was used to associate binding regions to the nearest
transcriptional start site as well as for the Gene Ontology enrichment tests (Benjamini Hochberg
adjusted p-value < 0.05). Binding regions located between 5 kbp upstream to 500 bp downstream
of genes on chromosomes 1-5 captured more than 90% of PRR binding regions and were used
for further analysis. Bedtools (Quinlan and Hall, 2010) was used to acquire DNA sequences

based on bed files. Sequence motifs were identified de novo using MEME-ChIP (Machanick and
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Bailey, 2011) on PRR binding regions located upstream. The JASPAR CORE Plantae 2014
database (Mathelier et al., 2014) was used for TOMTOM (Gupta et al., 2007) to find known
motifs and CentriMo (Bailey and Machanick, 2012) (-db JASPAR_CORE_2014_plants.meme)
to examine the distribution of the best matched known motif. Each PRR had one significantly
enriched motif, and FIMO (Grant et al., 2011) was used to determine the percentage of upstream
PRR binding regions that contained at least one instance of the corresponding PRR motif. The
MEME position weight matrices were converted to TAMO format using meme2tamo.py from
the Fraenkel Lab (Gordon et al., 2005). Pearson correlation coefficient (PCC) distance (1-PCC)
(Zou et al., 2011) was used to determine the extent to which the position weight matrices of PRR
motifs differ (Zou et al., 2011). The threshold (0.38) was determined using the 5th percentile of
the distances between binding motifs from different families of transcription factors (Franco-

Zorrilla et al., 2014).

Expression analysis

Data on cyclic expression are from (Mockler et al., 2007), and genes with an mbpma (model-
based, pattern-matching algorithm) > 0.8 were defined as cycling. LD data are from (Blasing et
al., 2005) and LL data from (Edwards et al., 2006). PHASER (Michael et al., 2008) was used to
analyze peak gene expression of cycling genes with an mbpma > 0.8. The prrbprr7prr9 (prr579)
expression data compared to wild type is from (Nakamichi et al., 2009), the PRR5-VP16
expression data is from (Nakamichi et al.,, 2012), and the alcohol inducible ALC::TOC1

expression data is from (Gendron et al., 2012).
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Analysis of nucleosome occupancy, DNase | hypersensitive sites, and conserved noncoding

regions

Nucleosome occupancy (NOC) data are from (Liu et al., 2015), DNase | hypersensitive sites
(DHS) data from (Sullivan et al., 2014), and conserved noncoding sequences (CNS) data from
(Haudry et al., 2013). Normalized values represent the log: ratio of the average (NOC) or median
(DHS and CNS) score per base from -1 kbp upstream to +1 kbp downstream of the binding
summit, to the average (NOC) or median (DHS and CNS) score at the same coordinates of
randomly selected genes. For the CNS reference file, the presence of a CNS was given a value of
one, whereas the absence of a CNS was given a value of zero. In order to focus on binding
regions located in noncoding regions, binding summits located in exons were omitted for the

CNS analyses.

Generation of constructs for protoplast transformation

The PRR full length or CCT domain coding sequence was amplified and cloned into pENTR/D-
TOPO (Invitrogen) and transferred into pRTL2-35S-GW or pRTL2-GW-VP64, respectively.
The PRR7 CCT domain was amplified using the primers 5'-caccatgaataagatctctcaaagggaa-3' and
5'-gctatcctcaatgttttttatgt-3' and the PRR9 CCT domain using 5'-caccatgtggagtagaagccagagag-3'
and 5'-tgattttgtagacgcgtctgaatt-3'. To generate the pRTL2-35S-GW vector the gateway cassette
was amplified from pESpyce (Berendzen et al., 2012) using the primers Xhol-GW-F 5'-
cacactcgagacaagtttgtacaaaaaagc-3' and GWs-Xbal-R 5'-tgtgtctagattaaaccactttgtac-3' and inserted
into vector pRTL2-35S-NYFP (Strayer et al., 2000) using the Xhol and Xbal sites. The pRTL2-
35S-GW-VP64 vector was used to express the PRR-CCT domains fused to four copies of the

VP16 transactivation domain. The GW-VP64 insert was amplified from pB7WG2-VP64 (Helfer
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et al., 2011) using the primers Xhol-GW-F and VP64s-Xbal-R 5'- tgtgtctagattagttaattaacatatcg-3'
and cloned into pRTL2-NYFP using Xhol and Xbal. In both cases the NYFP was removed from

PRTL2.

To generate pRTL2-GW-Luc, which was used to clone the different promoter fragments, the
GW-Luc-Nos insert was amplified from pMDC140-Luc+-HA (Farre and Kay, 2007) using
primers pRTL2-GW-F 5'- ctatgaccatgattacgccaatcaacaagtttgtacaaaaaagc-3' and Nos-pRTL2-R 5'-
cgacggccagtgccaagctagtaacatagatgacacc-3'. Gibson Assembly (NEB) was used to clone the insert
into the pRTL2-NYFP vector after digestion with Hindlll. Promoter fragments of -287/-1 bp and
-337/-1 bp for PRR9 and CCAL1, respectively, were amplified from Col-0 genomic DNA using
the primers shown in Table S1. Promoter fragments were cloned into pENTR/D-TOPO
(Invitrogen) and transferred to pRTL2-GW-Luc-Nos. Fragments with the G-boxes mutated for
both CCA1 and PRR9 promoters were made by changing the G-box sequence from CACGTG to
ACATGT or TGTACA using primers shown in Table S1. The fragments were cloned using the
mega-primer strategy. The ACT2 promoter (-473/-1) was used as the promoter negative control,
the pRTL2-35S-NYFP construct was used as the effector negative control, and the Renilla
reniformis luciferase (Helfer et al., 2011) expressing vector pRTL2-35S-Renilla as the

transformation control.

Protoplast transient transformation assays

Arabidopsis thaliana Col-0 or prr5prr7prr9 (Liu et al., 2013) seeds were sown on soil (Sure-
Mix) and placed at 4°C for 3-4 days. They were grown for 3-4 weeks at about 20°C under 16 h

light (110 umol m2s™ white light)/8h dark cycles. Leaves 5-7 were removed from 25-45
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seedlings and cut into thin strips. The leaf strips were placed in 10 mL digestion buffer (400 mM
mannitol, 20 mM potassium chloride, 20 mM MES pH 5.7, 15 mg mL™* cellulase, 4 mg mL*
macerozyme, 10 mM calcium chloride, 0.1% nuclease-free bovine serum albumin) and incubated
in the dark for 3 hours. After lightly shaking the leaf strips to release the protoplasts, 10 mL of
W5 buffer (2 mM MES pH 5.7, 125 mM calcium chloride, 154 mM sodium chloride, 5 mM
potassium chloride) were added and protoplasts were filtered through a 75 uM nylon mesh. The
protoplasts were centrifuged at 100 g and 4°C for 2 min. The protoplast pellet was resuspended
in 5 mL chilled W5 buffer and centrifuged again at 100 g and 4°C for 2 min. The pellet was
resuspended in 5 mL chilled W5 buffer and allowed to settle for 30 minutes on ice. The
protoplasts were resuspended in MMG buffer (400 mM mannitol, 15 mM magnesium chloride, 4
mM MES pH 5.7) to 2.5 million protoplasts mL™. Ten micrograms of DNA was added to
250,000 protoplasts. The DNA mixture consisted of 5 pg effector, 4 ug target pRTL2-promoter-
Luc, and 1 pg pRTL2-35S-Renilla. To transfect the protoplasts, 110 uL PEG solution (200 mM
mannitol, 100 mM calcium chloride, and 40% PEG 4000) was added and samples were
incubated at room temperature for 30 min. To stop the transfection, 440 uL of W5 buffer was
added. Samples were centrifuged at 100 g and 22°C for 2 min. Protoplasts were washed twice
with 1 mL W5 buffer and centrifuged again and spread in a thin layer on a plate treated with 5%
BSA in MMG buffer. Protoplasts were left under 15 umol m2s light for ~16 hours. Transfected
protoplasts were centrifuged at 200 g and 22°C for 20 min and assayed using the Promega Dual
Luciferase kit (Promega). The protoplast pellet was resuspended in 50 uL extraction buffer (1x
passive lysis buffer, 1x protease inhibitor, 5 mM benzamidine, 1 mM PMSF) and incubated on
ice for 15 min. Samples were centrifuged for 10 min. at 18,000 g and 4°C. The supernatant was

centrifuged for 5 min. at 18,000 g and 4°C. To measure the firefly luciferase activity, 25 uL of
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Lar 11 was added to 5 pL of the protein extract and the luminescence was measured for 0.05 sec.
To measure renilla luciferase activity, 25 uL of Stop and Glow was added and the luminescence

was again measured for 0.05 sec using a Berthold LB960XS3 luminometer.

In planta luciferase expression of PRR9 promoter fragments

The promoter fragments in pENTR/D-TOPO (Invitrogen) described above were transferred to
the gateway compatible pFlash vector (Gendron et al., 2012) and used to transform Arabidopsis
thaliana Col-0 (Clough and Bent, 1998). Transgenic seedlings were selected on MS medium
containing 0.8% agar and gentamycin (100 pug mit). For imaging, 12 day old T2 plants grown on
gentamycin under 12 h white light/12 h dark were transferred to MS medium containing 0.8%
agar and 2% sucrose and treated with 5 mM luciferin (Gold Biotechnology) in 0.01% Silwett.
The next day, plants were transferred to 150 umol m=2s? light (25 % blue light LED, 75 % red
light LED) and imaged using an Andor iKon-M DU-934N-BV camera every 2 h for 20 min.
Two to four seedlings per line were analyzed. Phase and relative amplitude error were quantified
using BRASS. The PRR9::LUC construct -1108/+225 has been described previously (Para et al.,

2007).

Accession numbers

Sequence data from this article can be found in the NCBI GEO data libraries under accession
numbers GSE35952 for the TOC1 ChlP-seq, GSE36361 for the PRR5 ChIP-seq, GSE49282 for
the PRR7 ChIP-seq, and GSE71397 for both the PRR9 ChIP-seq and the processed data from

this study.
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Figure 3.1. Cycling gene expression patterns of PRR9 putative target genes determined by
ChlIP-seq. (A) Percentage of PRR9 putative target genes that cycle in light/dark (LD) (Blasing et
al., 2005) and constant light conditions (LL) (Edwards et al., 2006) compared to genome-wide
cyclic gene expression patterns. Cycling gene expression is defined as having an mbpma (model-
based, pattern-matching algorithm) > 0.8. Fisher's exact test: ***, p-value < 0.0001. (B) Phase of
PRR9 putative target gene expression under LD (black bars) and LL (white bars). Shaded area
indicates dark or subjective dark period in LD or LL, respectively. PHASER analysis: mbpma >

0.8 (Michael et al., 2008). Cr, count of targets; Ce, count of expected; ZT, Zeitgeber; h, hours.
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Figure 3.2. PRRs associate to the same chromatin regions. (A) Mean percentage of shared
binding events from reciprocal pairwise comparisons of the top 150 binding regions in each PRR
dataset determined by IntervalStats (Chikina and Troyanskaya, 2012) (p-value < 0.05). (B)
Tukey boxplots of the distance between PRR binding summits with shared putative target genes.
For graphical clarity, data points > 1000 bp were omitted, which included one PRR5 & TOC1
data point and 102 Mus musculus BMAL1 & CLOCK data points (Hatanaka et al., 2010;

Yoshitane et al., 2014).
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Figure 3.3. Shared putative target genes among PRR9, PRR7, PRR5, and TOCL1. (A) Venn
diagram of overlapping and distinct PRR target genes determined by ChIP-seq. The total number
of target genes for each PRR is shown in parentheses. Putative target genes were defined by
associating each binding region to the closest transcriptional start site. PRR9 is in pink, PRR7 in
blue, PRR5 in green, and TOCL1 in purple. (B) Binding profile of the PRRs at the CBF regulon.
ChlP-seq reads (IP) were visualized using the Integrative Genomics Viewer (Robinson et al.,
2011). (C) Model of transcriptional regulation between the PRRs (blue), CCAl/LHY/RVEs
(orange), and LNKs (green). Arrows and tacks represent transcriptional activation and

repression, respectively.
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Figure 3.4. Chromatin profile of PRR binding regions. (A) Nucleosome occupancy (NOC),
(B) DNase | hypersensitive sites (DHSs), and (C) presence of conserved noncoding sequences
(CNS) around PRR binding summits. Binding summits were centered at zero on the x-axis.
Normalized values represent the log. ratio between the median (NOC) or average (DHS, CNS)
score per base from -1 kbp upstream to +1 kbp downstream of the binding summit, to those with
the same coordinates at randomly selected genes. All binding summits were used for NOC and
DHS analyses, whereas binding summits located in noncoding regions were used for the CNS
analysis. NOC data is from (Liu et al., 2015), DHS data from (Sullivan et al., 2014), and CNS

data from (Haudry et al., 2013).
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Figure 3.5. PRR binding regions are enriched with G-box containing motifs. (A) Enriched
motifs in PRR binding regions located upstream of transcriptional start sites. Motifs identified de
novo using MEME (Machanick and Bailey, 2011) with corresponding e-values, the percentage of
upstream binding regions containing at least one motif, and distance matrix between PRR motifs
(values represent 1 — Pearson Correlation Coefficient). Chromatin profiles of all four PRRs
binding at the (B) CCAL and (C) PRR9 promoters. ChlP-seq reads (IP) were visualized for each

of the PRRs (blue background) and magnification of the DHS footprints within the PRR binding
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Figure 3.5. (cont’d)
regions (yellow background) show G-box elements (orange). Chr2, Chromosome 2; DHS,

DNase I hypersensitive site; CNS, conserved noncoding sequence.
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Figure 3.6. G-box motifs are necessary for transcriptional regulation by PRRs. (A) Graphic
representation of PRR9 promoter fragments. Boxes indicate G-box motifs; crossed boxes
indicate mutated G-box motifs; numbers indicate the position with respect to the transcriptional
start site. WT, wild type; ImGbox, one mutated G-box; 2mGbox, two mutated G-boxes.
Expression of PRR9::LUC constructs using (B) 35S::PRR7 as the effector in prr579 protoplasts
or (C) 35S::PRR7-CCT-VP16 as the effector in wild type protoplasts. (D) Graphic representation
of CCA1 promoter fragments. Labeling as in A; mGbox, mutated G-box. Relative expression of
different CCA1::LUC constructs after the addition of (E) 35S::PRR7-CCT-VP16 or (F)

35S::PRR9-CCT-VP16 in wild type protoplasts. In B, C, E, and F, the luciferase expression was
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Figure 3.6. (cont’d)

normalized to the 35S::REN transformation control and to the 35S::YFP vector control. Values
are the average + SEM of 2-4 independent experiments. (G) Rhythms of seedlings expressing
PRR9::LUC fragments. Relative Amplitude Error is a measure of rhythmic strength that varies
between 0 (perfect fitted rhythm) and 1 (no significant rhythm) and was determined under
constant light. Phase was determined during the light/dark cycle. (H) Bioluminescence
(counts/seedling/20 minutes) of PRR9::LUC expressing seedlings. The shaded area indicates
dark period. For G and H, values are the average + SEM of five -287(WT), ten -287(2mGbox)
independently transformed lines, 2-4 T2 seedlings were analyzed per line. Eight homozygous
seedlings were analyzed for the -1108/+225 line. Similar results were observed in three

additional experiments.
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SUPPLEMENTAL FIGURES
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Figure S3.1. Characterization of prr9-1 PRR9::HA-PRR9 CCR2::LUC and quality testing
of HA9 ChlPs. (A) Analysis of PRR9 expression by RT-qPCR of wild type (Col-WT) and
transgenic (HA9) two-week-old seedlings grown under 12 h light/12 h dark cycles. The IPP2
gene (AT3G02780) does not display diurnal or circadian oscillations and was used as the control.
The dark shaded area indicates the dark period. ZT, Zeitgeber; h, hours; HA9, prr9-1 PRR9::HA-
PRR9 CCR2::LUC. (B) Bioluminescence rhythms of the CCR2::LUC reporter gene under
constant light (normalized to the average luminescence of all time points for each respective
genotype) (bars represent + SEM, n > 27). Seedlings were grown under 12 h light/12 h dark
cycles for 7 days before transferring to constant light. Period length (average + SEM, n > 27)
was estimated using the fast Fourier transform-nonlinear least-squares analysis (FTT-NLLS)
(Millar et al., 1995). The light shaded areas indicate the subjective dark period. LL, constant

light. (C) ChIP-gPCRs of HA9 and prr9 immunoprecipitated and input DNA confirm the

122



Figure S3.1. (cont’d)
enrichment of PRR9 binding at the CCAL1 promoter. Primers in the ACT2 (AT3G18780) intron

were used as the negative control. Values are the average + SEM of three biological replicates.
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Figure S3.2. Relative positions of PRR binding summits determined by ChlP-seq. (A-D)

Binding summit locations relative to transcriptional start sites or (E-H) gene features. A and E,
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Figure S3.2. (cont’d)

PRR9; B and F, PRR7; C and G, PRR5; D and H, TOC1. In A-D, negative and positive numbers
indicate upstream and downstream positions relative to transcriptional start site (TSS),
respectively. In E-H, negative and positive numbers indicate positions upstream of TSS and

downstream of transcriptional termination site (TTS), respectively. E, exon; I, intron.

124



A PRR9 PRR7 PRR5 TOC1

long—-day photoperiodism

long—day photoperiodism, flowering

response to ethylene stimulus

response to abscisic acid stimulus

response to salt stress

response to osmotic stress

response to abiotic stimulus

response to lipid

response to alcohol

response to jasmonic acid stimulus

sequence-specific DNA binding transcription factor activity

nucleic acid binding transcription factor activity

DNA binding

-log,(BH adjusted p-value)

-log,(0.046) -log,(2.51e-28)

Figure S3.3. Comparison of overrepresented gene ontology terms among common PRR
putative target genes identified by ChlP-seq. Enriched gene ontology terms for (A) biological

process and (B) molecular function shared among the four PRRs. Gene ontology enrichment
tests were conducted using ChIPpeakAnno (Zhu et al., 2010) with Benjamini Hochberg adjusted

p-values < 0.05.
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Figure S3.4. Conservation of the PRR9 and CCAL1 promoters. Sequences were aligned using

Muscle implemented in Mega5. Sequences have been previously described for Brassicaceae

(Zdepski et al., 2008; Haudry et al., 2013). (A) Regions of the PRR9 promoter from -293 to -145

with respect to the Arabidopsis thaliana transcriptional start site. (B) Regions of the CCAl

promoter from -323 to -17 with respect to the Arabidopsis thaliana transcriptional start site. The
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Figure S3.4. (cont’d)

yellow boxes indicate G-box motifs, the green box indicates a TCP-binding site (Pruneda-Paz et
al., 2009), the purple box indicates an Evening-Element like motif, and the blue box indicates the
LUX-binding site (Helfer et al., 2011). Species include Arabidopsis thaliana, Leavenworthia

alabamica, Eutrema salsugineum, Schrenkiella parvula, Sisymbrium irio, Brassica rapa,

Aethionema arabicum, Arabidopsis halleri, and Carica papaya.

SUPPLEMENTAL TABLE

Table S3.1. Primers used to generate promoter fragments.

Fragment

Forward primer

Intermediate primer

to introduce G-box

Reverse primer

mutations
PRR9pr-287/-1 CCACGTGTCATCCA AACCACGAAAATAT
CATGACCAC CTTCTCAGA
PRR9pr-279/-1 CACCTCATCCACAT AACCACGAAAATAT
GACCACTAGATAT CTTCTCAGA
PRR9pr-287/-1- CCACGTGTCATCCA CCACCTTAATGT AACCACGAAAATAT
1MutG CATGACCAC ACATCATTAACC CTTCTCAGA
TAATC
PRR9pr-287/-1- CACATGTTCATCCA CCACCTTAATGT AACCACGAAAATAT
2MutG CATGACCACTAGAT ACATCATTAACC CTTCTCAGA
ATTC TAATC
PRR9pr-279/-1- CACCTCATCCACAT CCACCTTAATGT AACCACGAAAATAT
MutG GACCACTAGATAT ACATCATTAACC CTTCTCAGA
TAATC
CCAl1pr-337/-1 TTCGATTGTTGGTG ATCTTTAACCTCAA
AAGTAGTCG ACTTTTTA
CCAlpr-337/-1- TTCGATTGTTGGTG CCAGTTTGTCGA ATCTTTAACCTCAA
MutG AAGTAGTCG TGTACATCTGAT ACTTTTTA
ACACTAG
ACT2pr-473/-1 CACCGTTTTGACGA AAAAAAATAATTAA
GTTCGGATGTAG AATCGACAGACAC

Underlined bases indicate mutated sequences.
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PSEUDO RESPONSE REGULATORs (PRRs) are conserved in the Kingdom Plantae and
function as circadian clock components in a wide range of plant species. Arabidopsis PRRs also
function as master regulators of diverse biological processes such as the photoperiodic control of
flowering time and responses to abiotic stresses and light (Farre and Liu, 2013). PRR9 and PRR7
negatively regulate CIRCADIAN CLOCK ASSOCIATED 1 (CCAl) and LATE ELONGATED
HYPOCOTYL (LHY), whereas these two MYB transcription factors activate PRR9 and PRR7 in
return (Farre et al., 2005; Farre and Kay, 2007; Nakamichi et al., 2010). My research focused on
PRR9 and PRR7 to shed light on their essential roles in regulating circadian components as well
as outputs of the clock. I used chromatin immunoprecipitation combined with high through-put
sequencing to identify their global targets. These results have provided us with a better

understanding of their expansive gene regulatory network.

Limitations of chromatin immunoprecipitation

Three major limitations exist in interpreting ChIP-seq data. The first limitation is that bound
DNA may represent direct or indirect binding, such as in the case of proteins that interact in a
complex to associate with DNA. To address the first limitation, | conducted a yeast-one-hybrid
experiment and observed that PRR9 and PRR7 do not bind to DNA directly in a heterologous
system (Figure 4.1). However, PRR9 and PRR7 may still be able to bind DNA directly in planta
since the heterologous system might lack the required posttranslational changes necessary for
proper PRR functioning (Farre and Kay, 2007; Fujiwara et al., 2008). The second limitation
involves defining target genes, which is usually based on proximal location. | took two different
approaches to define target genes in my ChIP-seq experiments. For the PRR7 ChlP-seq, |

associated binding sites to genes located up to 1lkbp away in either direction. Using this
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approach, it is possible to have more than one candidate target, especially in the case of compact
genomes. For my PRR9 ChlIP-seq, | associated binding sites to the nearest transcriptional start
site of a gene. The major assumption is that transcription factors are located near gene features,
particularly the upstream region of transcriptional start sites. Moreover, targets of proteins bound
to distant enhancer regions are not usually taken into account due to the difficulty of predicting
such targets. Finally, the third limitation is that the presence or absence of a transcription factor
does not necessarily equate to transcriptional regulation. For example, the failure to observe
changes in target gene expression may be due to the presence of a transcription factor (TF) in a
primed chromatin state in order to permit rapid responses dependent on other factors and/or
under certain conditions (Guertin and Lis, 2010; John et al., 2011). There are also cases where
expression changes are observed but the binding is not detected in ChIP studies, which may be
due to the dynamics of TF binding. For instance, studies on bZIP1 by Para et al. (2014) revealed
that transient binding events, ranging from 1-5 minutes upon nuclear localization, account for
nearly 60% of its target regulation. The use of inducible TF nuclear translocation systems in
conjunction with a translational inhibitor allows for the detection of expression changes resulting
from direct regulation by the TF, as opposed to intermediate factors (Brockmann et al., 2001;
Hsu et al., 2013). Therefore, | attempted to measure the expression of target genes associated
with PRR7 binding using an inducible line. In particular, we generated PRR-glucocorticoid
receptor (GR) translational fusion lines in the prr7-3 CCAL::LUC mutant background (prr7-3
35S::HA-PRR7-GR CCA1::LUC). Dexamethasone (DEX) treatment would enable PRR7-GR to
move from the cytosol to the nucleus and regulate gene expression. | was unable to identify a

satisfactory inducible line using this construct due to leakiness or inactivity. This effect may be
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caused by the use of a strong constitutive promoter. An alternative approach would be to

construct inducible lines with the native promoter.

Targets of PRR9 and PRR7

Mis-expression of any PRR core clock component results in alterations to the clock and
downstream processes, such as altered periods and flowering times compared to wild-type plants.
These changes are exacerbated in higher-order mutants, as seen in the arrhythmic and extremely
late flowering triple mutant prr5prr7prr9 (prr579) (Nakamichi et al., 2009). In order to identify
the genome-wide targets of PRR9 and PRR7, | conducted ChIP-seq and found that PRR9 and
PRR7 represses gene expression by binding to regions close to transcriptional start sites.
Approximately 57-64% of PRR7 targets and more than 75% of PRR9 targets cycle under cycling
light/dark (LD) and constant light (LL) conditions. Both PRR9 and PRR7 regulate circadian
clock genes such as CCAL, LHY, REVEILLE 8 (RVE8), NIGHT LIGHT-INDUCIBLE 1 (LNK1),
LNK2, and PRR9. In addition, PRR9 and PRRY7 targets are significantly enriched in transcription
factors according to gene ontology enrichment analyses, and many of these targets can explain
the prr579 triple mutant phenotypes. For example, higher order prr mutants flower late and we
found that PRR7 negatively regulates repressors in the flowering pathway including CYCLING
DOF FACTOR 5 (CDF5). In addition, both PRR9 and PRR7 repress CDF2 (Nakamichi et al.,
2009; Song et al., 2010). The prr579 triple mutant also exhibits elongated hypocotyls and
correspondingly, PRR7 negatively regulates PHYTOCHROME INTERACTING FACTOR 4
(PIF4) and PIF5, two basic helix-loop-helix (bHLH) transcription factors that promote
hypocotyl elongation (Nakamichi et al., 2009; Leivar and Quail, 2011). Lastly, prr579 is more

cold- and drought-tolerant compared to wild-type plants, and | found that PRR9 and PRR7
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associate with the promoters of C-REPEAT/DRE BINDING FACTOR genes, which encode for
transcriptional activators in the cold response pathway (Gilmour et al., 1998; Nakamichi et al.,
2009). Specifically, PRR7 associates with the promoter of C-REPEAT/DRE BINDING FACTOR

1 (CBF1), and both PRR9 and PRR7 associate with the promoters of CBF2 and CBF3.

G-box-containing motifs are enriched at PRR9 and PRR7 binding sites

TOCL1 has been shown to bind DNA directly, but the identified DNA sequence bound in
electrophoretic mobility shift assays is not enriched in our PRR9 and PRR7 ChIP-seq
experiments, indicating that PRR9 and PRR7 bind to different DNA elements (Gendron et al.,
2012). 1 observed an enrichment of G-boxes and G-box-related motifs such as ABREs (abscisic
acid responsive elements) at PRR9 and PRR7 binding sites. Accordingly, putative PRR7 targets
are enriched in abiotic stress responsive genes. We showed that PRR7 affects the ABA
sensitivity of ABA responsive genes and is involved in the regulation of stomata conductance.
G-boxes are also over-represented in the promoter regions of light-regulated genes and many
PRR9 and PRR7 targets are involved in light signaling, such as LONG HYPOCOTYL 5 (HY5)
and HY5 HOMOLOG (HYH). Linsey Newton from the Farré laboratory tested the significance of
G-box elements in the PRR9 and CCA1 promoters through promoter bashing assays as well as
testing a promoter construct containing G-box multimers with a minimal promoter. Her findings
show that certain G-boxes are more important, but alone are insufficient for transcriptional

regulation by PRR9 and PRR7.
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HY5 and HYH may mediate PRR9 and PRR7 binding to DNA

HY5 and HYH encode basic leucine zipper (bZIP) transcription factors that mediate light
responses and promote photomorphogenesis (Chattopadhyay et al., 1998; Holm et al., 2002).
bZIP and bHLH transcription factors can directly bind to G-box motifs (Ellenberger, 1994;
Jakoby et al., 2002; Toledo-Ortiz et al., 2003). A comparison of our PRR9 and PRR7 ChlP-seq
to ChlP-seq/ChIP-chip data for HY5 (Figure 4.2), PIF1, and FAR-RED ELONGATED
HYPOCOTYL 3 (FHY3) show a high number of overlapping targets, indicating that PRR7
targets may be co-regulated by different light signaling components (Lee et al., 2007; Oh et al.,
2009; Ouyang et al., 2011). These findings along with the failure to observe direct binding of
PRR9 and PRR7 to DNA in my yeast-one-hybrid assays led me to hypothesize that HY5 may aid
or mediate PRR7 binding to DNA, and is required for PRR7 to repress shared targets with HY5,
such as PIF4 and PIF5 (Leivar and Quail, 2011; Liu et al., 2013). Work done by Tomomi
Takeuchi, a former member of the Farré laboratory, indicated that PRR7 and HY5 interact in
tobacco (Figure 4.3), but these experiments require further confirmation. Dr. Farré generated hy5
mutants crossed to PRR7 overexpressing lines that exhibit long hypocotyl phenotypes similar to
hy5, revealing that HY5 is epistatic to PRR7 in regulating hypocotyl elongation (Figure 4.4).
Using these lines, | was interested in investigating the shared targets of PRR7 and HY5 that
contain a G-box motif in their promoters, such as CCAl, PRR9, PIF4, and PIF5. | conducted
ChIP-gPCR and expression studies, revealing that PRR7 maintained binding and regulation of
shared target genes in the hy5 35S::HA-PRRY7 line, contrary to my hypothesis (Figure 4.5, Figure
4.6). It is possible that the presence of the HY5 homolog HYH may be sufficient to compensate
for the loss of HY5. To account for both HY5 and HYH, we acquired the hy5hyh double mutant

and we are selecting F3 lines expressing PRR7::HA-PRR7 or 35S::HA-PRR7 in the double
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mutant background. Ongoing selection and future characterization of these lines will shed light

on the role of PRR7 associating with HY5 and HYH.

Impact and future perspectives

ChlIP-chip and ChlP-seq studies have been conducted on transcription factors numbering from 52
TFs in Drosophila melanogaster, 93 TFs in Caenorhabditis elegans, and 165 TFs in humans
(Boyle et al., 2014). ChIP-chip and ChlP-seq data in plants, on the other hand, still have plenty
of room for expansion with a total of around 27 TFs (Heyndrickx et al., 2014). Predictive models
for cis-regulatory modules are limited by existing data, and additional ChlP-seq data would lead
to better predictions of co-regulators as well as other possible targets not detected by ChlP-seq
(Neph et al., 2012). My contribution of the PRR7 ChIP-seq data was included in the Heyndrickx
et al. (2014) study in plants, and my recent PRR9 ChIP-seq data will provide additional

information for similar large-scale analyses in the future.

The current direction of ChlP-seq studies is to closely follow the dynamics of transcription factor
regulation at a spatiotemporal resolution. In C. elegans, Araya et al. (2014) investigated 92
transcription factors at different developmental stages, resulting in a total of 241 ChiIP-seq
experiments. They examined the relationship between TF binding and transcriptional regulation
by incorporating cell-type and tissue-specific expression data into their analyses (Araya et al.,
2014). In mice, Rey et al. (2011) performed a ChlP-seq time course by collecting samples every
4 hours for 24 hours to follow the oscillation patterns of TF binding. Recently in Arabidopsis,
ChlP-seq studies using an inducible system in protoplasts enabled Para et al. (2014) to examine
dynamic TF binding in as quickly as 1 minute upon TF nuclear localization. Finally, in an

expression study by Endo et al. (2014), separation of mesophyll from vasculature tissue revealed
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an inverse relationship in phase of expression between cycling mesophyll-rich (morning
expressed) vs. vasculature-rich (evening expressed) genes. They also found that the vasculature
clock is hierarchically above the mesophyll clock in Arabidopsis, similar to how the
suprachiasmatic nucleus is hierarchically above other clocks (e.g. liver) in mammals (Endo et al.,
2014). Altogether, taking into account the spatiotemporal activity of circadian clock components
is warranted to provide a dynamic and multidimensional view in regards to circadian rhythms,

developmental stage, and tissue specificity, to name a few.

Clock components are master regulators of many agriculturally important traits such as drought
and cold tolerance, pest resistance, and plant metabolism and nutrition (Dong et al., 2011; Farre
and Weise, 2012; Goodspeed et al., 2012). In a study conducted by Dr. Norman Borlaug,
segregating wheat was grown in northwestern Mexico, after which harvested grains were
subsequently grown in central Mexico. The goal was to achieve two growing seasons in one year
to speed up the breeding process (Borlaug, 2007). Known as “shuttle breeding,” this also resulted
in the unintended selection of photoperiod insensitive wheat cultivars that can survive in a broad
range of environments (Borlaug, 2007). Photoperiod insensitivity in wheat was traced back to
mutations in Photoperiod-1 (Ppd-1) in the A, B, and D genomes, which interestingly shows
highest similarity to Arabidopsis PRR7 (Shaw et al., 2012). Mutations to Ppd-1 did not affect the
expression of clock genes such as TOC1 and PRR73, suggesting that genetic redundancy masked
the loss of Ppd-1, or that Ppd-1 may play a photoperiod specific role and possibly resulted from
a subfunctionalization of the circadian PRRs (Shaw et al., 2012). These insights reveal the value
of studying the specific roles of each clock component, especially in the context of regulating
diverse biological processes, which may provide avenues into applied research for further crop

improvement.
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Knowledge gained from fundamental research has given rise to the growing field of synthetic
biology. Synthetic biology derives knowledge from basic research to construct new or re-design
existing biological components or systems for useful applications. Engineered gene circuits are
oftentimes fragile as evidenced when the organisms are exposed to fluctuating environmental
conditions. The inclusion of circadian clock components can buffer against perturbations, such as
temperature by conferring temperature compensation. Hussain et al. (2014) created a synthetic
Escherichia coli using design principles of circadian clocks to incorporate the concept of
temperature compensation and thereby increase the robustness of its gene circuits. It is possible
that circadian clock components may also be utilized for temporal optimization of various
processes and allocating resources at appropriate times to increase efficiency and production.
Clock circuits can be as simple as those observed in O. tauri or cyanobacteria, but as we
continue to gain more knowledge, we can create more complex systems such as those afforded

by the Arabidopsis core clock components and master regulators PRR9 and PRR7.
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Figure 4.1. PRR7 and PRR9 do not directly bind to DNA in a heterologous system. Yeast
one-hybrid B-Gal assay with rows specifying the DNA bait and columns specifying the
transcription factor prey. The DNA bait was cloned into the PMW#3 destination vector and the
transcription factor prey was cloned into the pACT2 vector. ACT2 (AT3G18780) intron was used
as a negative control. CCT, CONSTANS, CONSTANS-LIKE, TOC1 domain; variable, variable
region located between the PR and CCT domains; pr, promoter; mutG, mutated G-box (PRR9
mutated G-box is located at -280 bp to -286 bp upstream of TSS; CCAl mutated G-box is
located at -268 bp to -274 bp upstream of TSS); double mutG, both PRR9 G-boxes are mutated at

locations -208 bp to -214 bp and -280 bp to -286 bp upstream of TSS.
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Figure 4.2. HY5 shares target genes with PRR7 and PRR9. Venn diagrams showing the
overlap of HY5 target genes (Lee et al., 2007) with (a) PRR7 targets (data from Liu et al., 2013

as analyzed in Chapter 3) or (b) PRR9 targets (data from Chapter 3).
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Figure 4.3. Testing the interaction of PRR7 and HY5 by transient expression and
immunoprecipitation in Nicotiana benthamiana. Tobacco plants were co-infiltrated with
Agrobacterium tumefaciens containing 35S::HY5-GFP and 35S::HA-PRR7. Extracted proteins
were immunoprecipitated using anti-HA antibody. The input and IP were detected using (a) anti-
GFP and anti-HA or (b) anti-HA and anti-GFP, respectively. IP, immunoprecipitation.

Experiment done by Tomomi Takeuchi.
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Figure 4.4. hy5x35S::HA-PRR7 lines exhibit a long hypocotyl phenotype. Hypocotyl
measurements of 5-day old seedlings grown in (a) cycling 12 h light/ 12 h dark or (b) constant
light. Light intensity was set at 70pumol m?2 s and temperatures were set to 22°C. Bars represent
standard error with n > 10 for all lines except for the hy5 knockout line in LL (n=5). LD,

light/dark; LL, constant light; WT, wild-type.
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Figure 4.5. PRR7 binds to the PIF5 and CCA1 promoters in hy5x35S::HA-PRR7 line. Plants
were grown in cycling 12 h light/12 h dark for 2 weeks before harvesting at ZT11-12. ChIPqPCR
of hy5x35S::HA-PRR7 compared to 35S::HA-PRR7 (positive control) and hy5 knockout mutant

(negative control). The ACT2 intron was used as a control. IP, immunoprecipitation.
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Figure 4.6. PRR7 represses PIF5 and CCAL expression in the hy5x35S::HA-PRR7 line.
Expression analysis of HY5 and PRR7 target genes (a) PIF5 and (b) CCA1 in Col-0, hy5, PRR7
overexpressing line (35S::HA-PRR7) and hy5x35S::HA-PRR?7 line. Plants were grown in cycling
12 h light/12 h dark for 2 weeks, released to constant light, and samples were collected every 4
hours from CT24 to 48. Data are the average + standard error of 3 biological replicates in both

graphs. Expression levels were analyzed by RT-gPCR and normalized to IPP2.
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